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One of the most challenging aspects of modern-day catalysis is the conversion of 
methane. Direct conversion of methane via dehydroaromatization (MDHA) is a well-known 
process which can produce valuable hydrocarbons. Mo oxide supported on ZSM-5/MCM-22 
has been studied extensively in recent years for MDHA. Mo carbides are responsible for 
activating methane by forming CHx species. These are dimerized into C2Hy and oligomerized 
on ZSM-5/MCM-22 Brønsted acid sites to form aromatics. Sulfated zirconia (SZ) supported 
Mo catalyst contains the acid sites necessary to produce benzene in MDHA. Here, sulfated 
hafnia (SH), a homologous oxide like SZ, has been proposed to provide the necessary acid sites 
as a novel support for Mo in MDHA. Conversion increased with higher temperature and lower 
space velocity and gradually deactivated with time. This can be attribute to catalytic surface 
coking, confirmed with subsequent TPO analysis. Benzene product selectivity increased with 
higher Mo loading, lower temperature and lower space velocity, while gradually decreasing 
with time. A direct comparison of conventional Mo/HZSM-5 synthesized here and under 
identical reaction conditions showed lower activity compared to the Mo-SH catalyst. 
To address catalytic coking and improve aromatics selectivity, several extensions of 
this project were carried out in this work. Additional of promoters like Pt, Cr, Pd to Mo-SZ 
catalysts showed improved benzene selectivity and overall activity of the modified catalysts. 
MDHA studies using group VIB metals (Cr, Mo, W) supported on SZ were also carried out to 
understand the effect of these active metals on SZ, which showed the superiority of Mo in terms 
of catalytic activity and benzene selectivity. Direct conversion of methane to C2 hydrocarbons 
using W/SZ is another demonstration of the versatility of this catalytic process. Additionally, 
Mo/SH was used to directly activate ethane and propane and selectively produce important 
industrial feedstocks like ethylene and propylene.  
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Few alternate routes were suggested for low temperature conversion of methane using 
CO2 via bimetallic catalytic approaches to produce high value oxygenates. Based on 
thermodynamic analysis, prospective catalytic reaction mechanisms are discussed to overcome 
the thermodynamic energy constraints for CO2 and methane activation at low temperature with 
selective production of target oxygenates. 
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Chapter 1. Introduction 
1.1 Research Objective 
The goal of this research is to synthesize, characterize and evaluate the performance of 
metal oxide-based catalysts for conversion of methane towards value added chemicals such as 
ethylene, benzene, hydrogen and other oxygenates [1]. The research objective includes: 
• Synthesize a set of solid acid supported metal oxide catalysts to activate light alkanes 
into value-added chemicals via dehydrogenation and aromatization. 
• Performing various catalytic characterization methods to characterize the prepared 
catalysts under ex-situ conditions. 
• Modify the catalytic properties and reaction parameters based on initial runs and 
synthesize promoted solid acid catalysts for higher activity and product selectivity.  
• Suggest novel reaction pathways and catalytic approaches for low temperature 
activation of methane in presence of CO2 to produce target oxygenates. 
1.2 Justification of Research 
Shale gas revolution in the United States has opened up vast opportunities for the 
nation’s energy and chemical industries by attaining huge natural gas reserves and at the same 
time by reducing CO2 emissions[2]. This has permitted natural gas price in the United States 
to stay low for a foreseeable future (below $5.1 per million BTU till 2023 [3]).  
Figure 1.1 shows the dry natural gas production line for the last two decades and its 
projection until 2050, forecast by U.S. energy Information Administration (EIA) at the Annual 
energy Outlook 2021. This indicates that natural gas production will be growing significant ly 
each year. This indicates a great opportunity for the energy sector to develop energy 





Figure 1.1. U.S. dry natural gas production (source: U.S. Energy Information Administration, 
Annual Energy Outlook 2021) 
Methane is known to be the largest constituent of natural gas. Among all the light 
alkanes, methane is the biggest threat to environment being a greenhouse gas, with its closest 
competitor CO2 having 30 times lesser potential to cause global warming compared to it. Due 
to a lack in appropriate technology, most of the methane sources end up being flared to 
atmosphere instead of proper venting. At least 4% of the natural gas that accounts for 140.6 
billion cubic meters/year, is flared without efficiently using it for energy production[4]. Other 
alternative inefficient usage of natural gas involves power generation, transportation fueling, 
and plant heat generator.  
Unfortunately, all these involves significant loss of energy and with the correct 
technology, this huge reservoir of natural gas could be efficiently converted into high value 
chemicals using catalytic approaches. This has gained huge research attention in recent times 
both in the government as well as the industrial energy sectors and has opened up new 
opportunities to challenge the existing technologies to harness the most efficient use of natural 
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Most of the value-added chemicals from natural gas derivatives include C2s and heavier 
hydrocarbons as well as aromatics. Production of ethylene and propylene are also observed 
from light alkanes, which are well known chemical precursors of polyethylene and 
polypropylene- two of the most heavily produced polymers in chemical industries. Other 
noteworthy chemicals include aromatics, which are mostly benzene, toluene, xylene, 
naphthalene and related intermediates-which are mostly used as precursors to produce heavier 
hydrocarbons. Of these, benzene is most highly rated due to its property as feedstock for 
valuable polymeric chain products such as nylons, styrene, resins, polycarbonates etc[5]. 
Benzene is also used to produce cumene, which generates phenol and acetone. Other uses of 
benzene include nylon-6 and nylon-66 polymers. These value added chemicals are typically 
generated from crude oil, which has very limited resources around the planet. So alternate 
resources such as natural gas can not only help with continuous production of these important 
chemicals, but can also reduce the price of production at a very basic level, along with 
providing a clean energy footprint.  
1.3 Rationale for Studying Solid Acid Catalysts  
One of the major challenges for modern day catalysis involve deactivation of active 
sites, which results in an overall loss of catalytic activity. To address this, researcher have been 
searching for catalytic support materials that have higher heat sensitivity as well as the ability 
for better dispersion of active metal sites. In the field of heterogeneous catalysis, solid acids 
play an integral role as support materials. As the necessity for alternative and sustainable 
processed has been rapidly growing, solid acids are being involved in broader research areas 
to replace the corrosive gas and liquid phase acid catalysts, which face major challenges in 
terms of product separation and recyclability.   
Solid acids involve various types of solid superacids, which are well known for their 
ability to activate inert molecules such as methane, which has one of the strongest C-H bonds. 
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[6] Superacids are materials that have acidity stronger than 100% sulfuric acids (H0= -12)[7]. 
These catalysts in liquid form have been demonstrated previously, as shown by George Olah 
in his Nobel Prize using FSO3H-SbF5[8]. Recent work at LSU has shown that a solid-phase 
superacid using HBr-AlBr3 is feasible[9], and it was demonstrated that this idea can be 
incorporated in producing solid acids that can support metal active sites and generate 
bifunctionality that are required for many reactions including aromatization, dehydrogenation, 
oligomerization, isomerization etc[10-14]. To the best of our knowledge, no study prior to this 
has demonstrated the inclusion of bifunctionality in solid acid catalysts for the purpose of 
studying the activation of light alkanes to value-added chemicals. 
1.4 Rationale for Using Group VIB Metals as Active Sites on Solid Acids  
It has been previously demonstrated in the literature that sulfated zirconia (SZ) contains 
both BrØnsted and Lewis acid sites that can help activate methane and similar inert molecules 
at certain reaction conditions[15, 16]. Compared to catalytic supports like zeolites (HZSM-5, 
HMCM-22, HY etc), SZ has stronger acidity required for aromatization reactions. Methane 
aromatization is a widely studied reaction that conventionally uses zeolites such as HZSM-5 
or HMCM-22 to support active metal sites such as Mo, W, Cr[17]. Due to limitations in 
deactivation studies and failure to test its applicability in industrial conditions, limited success 
has been achieved in commercialization of this process. It has been demonstrated previously 
by this author’s research group that Mo can be incorporated in SZ to produce the bifunctionality 
recommended for conversion of methane to aromatics via aromatization. Limited success in 
targeted product’s selectivity and catalytic activity have driven the focus of this work towards 
improving this catalytic system and exploring its applicability in similar alkanes such as ethane, 





1.5 Dissertation Outline 
Chapter 1 and 2 provides an introduction and a brief literature review of the existing 
advancements of natural gas conversion into value added chemicals. Primarily, these discuss 
the involvement of solid acid and group VIB metals for the activation of light alkanes.  
Chapter 3 to 9 are peer reviewed journal articles that the author has published that 
includes the applications of the synthesized novel acid catalysts in light alkanes conversion.  
Chapter 3 is published in Catalysis Today[13] and it discusses the synthesis of a noble 
bifunctional solid acid catalyst named as Mo supported on sulfated hafnia and its ability to 
convert methane to aromatics.  
Chapter 4 is published in Energy Technology by Wiley[18] and is based on studying 
the promotional activity of Cr in Mo/SZ catalyst to improve benzene selectivity of this catalyst.  
Chapter 5 is published in Catalysis Today[10] and it investigate the involvement of a 
series of promoters that can include the activity of Mo/SZ solid acid catalyst while improving 
the activity and product selectivity of aromatization reaction.  
Chapter 6 is published in Springer Nature[19] and it deals with understanding the 
activity of W/SZ catalyst in activation of methane towards C2 hydrocarbons. 
Chapter 7 is published in MRS Advances[12] journal paper and it compares the activity 
of three different group VIB metals that are supported in SZ solid acids and their involvement 
in product distribution for methane aromatization. 
Chapter 8 is published in Applied Catalysis A journal[14] and it demonstrates the usage 
of sulfated hafnia supported Mo catalysts towards activation of other lighter alkanes such as 
ethane and propane to produce industrially important chemical feedstocks such as ethylene and 
propylene. It also discussed stable production of these value added chemicals over an elongated 
period of reaction time. 
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Chapter 9 is published in open access journal Catalysts[11] and it introduces Aluminum 
bromide supported on different silica catalysts which can isomerize 1-butene successfully. It 
demonstrates the applicability of chemical vapor deposition technique to incorporate active 
metal sites such as Aluminum bromide onto silica supports that act as a solid acid catalyst. 
In Chapter 10, the dissertation includes a discussion on using CO2 as a possible oxidant 
and introduces bimetallic catalyst technique for  activation of methane at lower temperature for 
future commercialization of any such process. 
Chapter 11 deals with possible future works that could be carried out as a continuation 














Chapter 2. Literature Review 
2.1 Natural Gas Production 
Among the existing fossil fuels around the globe, production of natural gas has reached 
the highest peak in recent years. The Annual Energy Outlook 2021 published by the U.S. 
Energy Information Administration projects a steep increase in the production curve of natural 
gas by 2050. An increasing attention towards natural gas has been observed as various 
environmental issue and scarcity of crude oil has started to emerge in energy sectors. Primary 
sources of natural gas include oil and gas fields as well as coal mines, with methane being the 
primary constituent. According to a recent report by EIA, a total volume of 188 trillion cubic 
meters of natural gas reserves have been confirmed in 2019 around the world, with 30.5% 
available in Europe and Eurasia, 24.9% in the Middle east, 8.2% in the Asia Pacific, 7.3% in 
Africa, 6.6% in North America and 4.7% in the Middle and South America region[20].  
In terms of general usage, most of the available natural gas is used for interior heating 
and power generation, while a major portion of it is just flared into the atmosphere. According 
to a study in 1970, 49% oil, 29% coal and 18% natural gas were consumed as energy in global 
basis, whereas, in 2015, this energy consumption rates changed to a natural gas and coal 
consumption of 24% and 30% respectively, while oil consumption was reduced to 33% of the 
total usage[21]. This is a clear indication that basis of fossil energy usage has been shifted from 
crude oil to natural gas in last few decades. To meet this increasing demand of natural gas, a 
surge in natural gas production is observed worldwide. In the U.S. alone,  natural gas 
production continues to grow in both share and absolute volume because of the improvements 
in technology that allow for the development of these resources at lower costs. These result in 
a huge uptrend in production of shale gas which is projected to increase as high as 40% in terms 
of volume in the next 30 years, according to U.S. EIA[22].  
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This projection for natural gas production is expected to continue in near future, owing 
to advancement in technology such as horizontal drilling, fracking, novelty in gas field 
extraction etc. As a result, shale gas, which is known as a rather unconventional natural 
resource, is set to be major natural energy reserves for Northern America region[23]. Apart 
from this, conventional resources of natural gas such as tight gas wells , crude oil reservoirs, 
coal beds and methane clathrates have also progressed, which increase the reserves per 
production (R/P) ratio of overall natural gas production[24].  
Natural gas is regarded as a cleaner fossil fuel resources compared to coal and oil 
because these gas molecules contain higher hydrogen to carbon ratio than the other two, which 
help to reduce carbon footprints[25]. But usage of natural gas is limited due to its low energy 
density per unit volume, which has limited it’s transportation and storage efficiency. Currently, 
the only viable method of transporting natural gas to remote areas is liquefaction. In most of 
the cases, natural of is liquified to LNG, and processed through pipelines[26], which is not an 
economically feasible procedure.  
2.2 Direct Conversion of Methane 
Methane conversion process can be categorized into direct and indirect reaction 
routes[27]. The difference between these two conversions is that for the indirect process, an 
intermediate product formation is observed. This goes through additional reaction step to 
produce higher hydrocarbons, which is energy intensive. Direct conversion is advantageous 
because it eliminates the intermediate step, while greatly reducing energy requirements and 
capital investment[27].  
Literature has reported both heterogeneous and homogeneous approaches for direct 
activation of methane. Heterogeneous catalysts include using solid acids catalysts like sulfated 
zirconia to directly activate methane in presence of H2O[28]. Another attempt involved using 
Zeolites like H-ZSM5 or H-MCM-22 as support for Mo active sites to activate methane at high 
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temperatures[29]. Lattice confined single Fe sites in silica matrix was also reported[30]. In 
1969, Nobel prize winner scientist Dr. George Olah introduced another heterogeneous attempt 
using FSO3H-SbF5, commonly known as Magic Acid to activate methane[8]. One 
homogeneous attempt involved using gas phase superacid HBr-AlBr3, which was attempted 
later as a solid phase catalyst that activated methane as well[9]. 
 
Figure 2.1. Direct conversion approaches for methane in the literature 
These reported direct conversion attempts are primarily divided into two classes: 
moderate temperatures and higher temperatures, all reported at atmospheric pressure. Moderate 
temperature conversions involves usage of superacids in solid, liquid and gas phases. The 
temperatures were at the range of 423K-673K. High temperature conversions are over 773K, 
which refers to aromatization reactions and gas phase reactions that do not occur on catalytic 
surfaces[31]. One of the most promising and widely researched routes for direct conversion is 
methane dehydroaromatization, which converts methane at high temperature (700⁰C-1000⁰C) 
to form benzene and hydrogen.  
𝟔 𝑪𝑯𝟒 ↔ 𝑪𝟔𝑯𝟔(𝒈) + 𝟗 𝑯𝟐 ↑   (ΔG298K = +433 kJ/mol, ΔH298K = +530 kJ/mol)  (1) 
But at these high temperatures, thermodynamics actually favors towards the formation 
of coke[32]. To overcome this barrier, a catalytic approach is necessary to selectively move the 
reaction towards formation of benzene instead of coke. This is one of the most challenging 
aspects of modern day catalysis and C1 chemistry. 
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2.3 MDHA Overview and Mechanism 
Activation of methane to aromatic hydrocarbons was first reported by Orό and Han in 
1966[33], where they demonstrated the use of silica gel as an active catalyst. Wang et al [34] 
discovered in 1993 that methane can be directly converted into aromatics under non-oxidative 
conditions at reaction temperature of 700⁰C and above over metal doped H-ZSM-5 catalysts. 
The most relevant catalysts are bifunctional zeolites with metals like Mo, W, Fe, Zn, Cu, Re, 
V, Cr, Ga doped in these [27, 35, 36]. HZSM-5 or HMCM-22 are preferred as supports over 
other zeolites because of their unique properties like shape selectivity, uniform pore channels, 
active metal sites confinement as well as intrinsic acidity[37, 38]. Highest amount of catalytic 
activity was observed for Mo doped H-ZSM-5 catalyst, with high benzene selectivity[37]. W 
doped H-ZSM-5 catalysts showed better thermal stability at higher temperature, but with lower 
selectivity towards benzene[39]. These catalysts are regarded as bifunctional because of the 
availability of two sites to activate methane and make benzene. 
 
Figure 2.2. Bifunctional mechanism of MDHA catalysts (BAS=Brønsted Acid sites) 
It is generally established that methane is first activated on the reduced Mo oxide sites, 
which are basically Mo oxycarbides or carbides that are generated in situ during reaction. These 
sites are believed to be responsible to activate C-H bonds of methane to produce C2Hy dimers, 
which are later oligomerized in the available Brønsted acid sites of HZSM-5[27, 36, 40].   
2.4 Solid Acid Catalysts 
Solid acid catalysts are heterogeneous catalysts in which the catalytic surfaces of the 
solid act as acids towards the reactants. These reactions are known as acid catalyzed reactions, 
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where the acidity of solid acids interacts with the basic reactant molecules. At some cases the 
catalyst can be regenerated as acids for consecutive reaction cycles[41].  
It was SiO2-Al2O3 which was first recognized as a solid acid catalyst in 1950s[42]. 
Since then several metal oxides, mixed metal oxides, salts with doped metal, zeolites, sulfated 
oxides, oxide supported acids were investigated that have acidic properties and were applie d 
to acid catalyzed reactions[43]. Based on literature, a short summary of such solid acid catalysts 
is summarized here in table 2.1. 
Table 2.1. Classes of solid acids 
Types of solid acids Example 
Metal oxides SiO2, Al2O3, WO3, TiO2 
Mixed metal oxides SiO2-Al2O3, WO3-ZrO2, WO3-SnO2, 
TiO2-SiO2, WO3-Al2O3, B2O3-Al2O3 
Zeolites ZSM-5, MCM-41, MCM-22, 
Chabazite, Mordenite, X-zeolites, Y-zeolites 
Metal salts NiSO4, FePO4, ALPO4 
Heteropoly oxides H3PW12O40, H4SiW12O40, 
H3PMo12O40 
Oxide supported acids SO3H/SiO2, SO3H/C, AlCl3/SiO2, 
H3PO4/SiO2, HClO4/SIO2 
Sulfated oxides SO4/ZrO2, SO4/SnO2, SO4/AL2O3, 
SO4/SiO2, SO4/TiO2, SO4/HfO2 
One of the biggest advantages of using solid acid catalysts is their heterogeneity. In 
acid catalyzed reactions, the separation of solid acids from the reaction mixture is easier, 
compared to the homogeneous acid catalysts. Another advantage is that the reactions can be 
carried at an elevated temperature when solid acids are used.  Even though homogeneous acid 
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catalysts are advantageous for higher reaction rates at low temperature reactions [41, 44], but 
for certain reaction systems, that needs very high temperature, solid acids can be used. High 
temperature reactions mean high reaction rates, which, in terms, is beneficial for endothermic 
reactions, where the equilibrium favors production formation at elevated temperature[43].  
Solid acids such as sulfated zirconia (SZ), sulfated hafnia (SH), tungstated zirconia 
(WZ) are highly acidic compounds that have high surface area that are also stable at elevated 
temperatures[42]. These possess strong BA sites[45] that are a key role in the oligomerizat ion 
of dimeric species.  Among the sulfated oxide based super acids, sulfated ZrO2 has been most 
frequently investigated, modified, and applied to various reaction systems[1, 16, 28, 46], 
because of their possession of strong acid sites, ease of preparation, and commercial 
availability. When such types of solid acids were compared based on their acidity found from 
Hammet indicator, TPD and reaction activities, it was found that sulfated HfO2 (SH) has similar 
acid strength as sulfated ZrO2 (SZ). The H0 value shows similar activity for both the acids (-
16.1 of SZ compared to -16 of SH)[7]. Surprisingly, unlike its homologue SZ, very little 
information was found in the literature for SH regarding its role in acid-catalyzed reactions. 
Recently Ahmed [47]reported that the surface sulfate complex is stabilized if small amount of 
hafnia is added to the tetragonal phase of zirconia, and thus enhancing their activity for the 
isomerization of butane to isobutene.  Arata et al. [48] found that sulfated HfO2 promotes 
acidity that catalyzes the isomerization of butane to isobutene.  
2.5 Mo Based Solid Acids for MDHA 
Molybdenum based catalysts are generally used in various reaction systems because of 
the unique molecular structures as well as oxidation states possessed by Mo [49-51]. Its 
interaction with acidic support materials has made Mo an important active metal in 
heterogeneous catalysis. Mo doped on solid acids has been reported in the literature for 
reactions such as alkane hydroconversion, isomerization etc [52] Different amount of loading, 
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calcination technique, catalytic pretreatment, reaction temperature- are some parameters that 
define the active oxidation state of Mo in a reaction[50]. One of most unique properties of Mo 
is in the formation of carbides through the addition of carbon into its lattice structure. In excited 
state the outer d band of Mo has electron vacancy, which is filled by the valence electron of 
carbon. This metallic band type appearance of Mo lets it have a density of states at the Fermi 
level which resembles the electronic configuration of a noble metal[53]. This enables such state 
of Mo to be use in a wider range of reaction systems, i.e., methane dehydroaromatization[ 50] , 
oligomerization[54], dehydrogenation[55], isomerization[52], methane oxidation[37] , 
synthesis of alcohol[36], water-gas shift reaction [52] etc. 
As previously mentioned, Mo based ZSM-5/MCM-22 has been well known in literature 
for methane dehydroaromatization[27]. This reaction takes place both under oxidative and non-
oxidative conditions [37, 56]. Selectivity to benzene, which is one of the target products, is low 
in presence of oxygen, because of the formation of a large amount of CO and CO2 [36, 37]. 
Bragin et al [57, 58]first introduced methane DHA under non-oxidative conditions using Cr, 
Ga or Pt-Cr based ZSM-5 catalysts at a fairly high temperature of 740⁰C to favor 
thermodynamics. Mo based ZSM-5 catalysts was later on used by Liu et al. [59]which showed 
the best results regarding catalytic activity and product selectivity. This suggests that methane 
dehydrogenates and dimerizes on molybdenum species. Based on the discovery of MDA over 
Mo-H-ZSM-5 several researchers initially believed that MoO3 crystallites alone were the active 
sites for methane activation[60]. It was later discovered that molybdenum species and the 
adjacent Brønsted acid sites of H-ZSM-5 zeolite are the active components of such catalyst[37]. 
This bifunctional behavior of Mo-HZSM-5 catalyst led us to design a similar catalyst 
where Mo, in its reduced carbide/ oxycarbide form, could activate methane to C2Hy dimers, 
and then the acidity from solid acid such as sulfated hafnia [7]would be effectively producing 
benzene via oligomerization. It is expected to observe similar product distribution for sulfated 
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hafnia based Mo acid catalysts, irrespective of the availability of shape selectivity provided by 
zeolites like ZSM-5. Product distribution may vary due to change in preparation method, 
calcination temperature, as well as reaction conditions for different catalysts.  
Solid acids like sulfated zirconia, hafnia, stannia etc have Brønsted acidity just as H-
ZSM-5 zeolites[42]. As mentioned before, high acid strength have been estimated for these 
materials by the color change in Hammet indicators, TPD and catalytic activities for various 
reactions[7]. The goal of this research work is to use the acidity of solid acids and dope active 
metals like Mo to create a bifunctional catalyst similar to Mo/H-ZSM-5. Even though the shape 
selectivity of the zeolite catalyst is not available for these solid acids, but the acidity is expected 
to be enough for the intermediate dimers (produced from the active metal sites) to get converted 
to higher hydrocarbons like benzene and onwards. 
2.6 Cr As Promoter for Mo/SZ 
Literature studies suggest that Mo has been the most active and out of the various 
supports, H-ZSM-5 has been the most active support [37, 61, 62]. Although very extensively 
studied, these catalysts suffer from rapid deactivation due to strong coking on the surface of 
these catalysts [29, 63]. This coking behavior depends on the catalytic nanostructures[64], 
reaction conditions[29, 65] as well as the initial reactants [66] as well as final products[63]. We 
recently demonstrated use of a solid superacid sulfated zirconia (SZ) as a replacement for H-
ZSM-5 and doped Mo on this support to create a Mo/SZ catalysts [15]. These catalysts showed 
comparable conversion and selectivity to that of Mo/H-ZSM-5. However, coking was also 
evident on these type of catalysts, which is attributed to the strong acidity from SZ.  Various 
approaches have been proposed to minimize coke formation [29, 37, 61, 62, 67]. These include 
addition of promoters [37], addition of co-reactants [62],  and introducing mesoporosity [67]. 
Pt, Pd, W, Cr and other promoters have been used with HZSM-5 catalyst to limit coking[68] 
as well as to increase benzene selectivity[69-73]. Cr was found to be an active promoter for 
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ZSM-5 for selectivity to BTX products for catalytic cracking reactions[74], which are acid-
catalyzed. A recent study also claims that the addition of chromium increases the selectivity to 
aromatics for both the industrially produced zeolites and the zeolites synthesized under 
laboratorial conditions[74]. Another research group found out that higher methane conversion 
was obtained over Mo-Cr/HZSM-5 catalyst than that of Mo/HZSM-5 due it an increase of total 
acidity after Cr addition found from ammonia-TPD[69]. This indicates that the additional 
acidity provided by Cr into the ZSM-5 lattice may increase BTX yield.  
2.7 Effect of Promoters in Mo/SZ for MDHA 
Previously sulfated zirconia-based Mo catalyst was synthesized and found active for 
methane dehydroaromatization along with high benzene selectivity at certain reaction 
conditions[15]. The catalysts deactivated steadily, attributable to strong coking on the surface, 
as confirmed with TPO. A comparison with literature showed that Mo/SZ has comparable 
activity to Mo/HZSM5 at around 650oC - 675oC temperature range. To address the phenomena 
of coking as well as to increase benzene selectivity, addition of promoters like Pt, Pd, Ru, Cr, 
Sn, W, Mn etc. in Mo/HZSM-5 were found in the literature. Cr was found to be a promoter for 
ZSM-5 for selectivity to BTX products for catalytic cracking reactions[69, 75]. A previous 
study also claims that the promotion with chromium increases the selectivity to aromatics for 
both the industrially produced zeolites and the zeolites synthesized under laboratorial 
conditions[69]. The presence of a noble metals like Pt, Pd, Ru favored the formation of 
aromatic compounds and suppressed the formation of coke[17, 76]. Platinum promoted 
Mo/HZSM-5 showed higher resistance to carbon deposition than the unpromoted one. Studies 
found that the addition of Ru and Pd as promoters increased selectivity towards benzene 
compared to the unpromoted catalysts. Ru promoter proved to be superior, with a higher 
methane conversion than found for platinum-promoted and palladium-promoted Mo/H-ZSM-
5 catalysts[77, 78]. Addition of Sn decreased the activity towards methane aromatization, 
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however, the formation of BTEX compounds was favored[50]. High catalytic activities were 
obtained for the Mn-promoted ZSM-5 catalysts prepared from Mn(NO3)2 and MnCl2 salts. 
However, the product distribution was significantly different, with the Mn(NO3)2 catalyst being 
more selective towards aromatic compounds while the MnCl2 catalyst was more selective 
toward coke[38, 79]. Tungsten modified catalysts favored the formation of coke over aromatic 
compounds[38].  
Previous work by the authors showed Mo/SZ to be active for methane 
aromatization[15].  Products observed were ethylene, ethane and benzene. Primary reason for 
catalytic deactivation was carbon deposition along with loss of sulfur site at reaction 
temperature. To address the challenge of coke minimization and improving the target product 
selectivity, our current study has identified potential metal promoters that could be used 
for DHA of methane over Mo supported SZ (Mo/SZ) catalysts. For this purpose, SZ catalyst 
with 5% Mo loading was promoted with 0.5% of Pt, Pd, W and Cr. Pt and Pd are well-known 
high temperature noble metals active for hydrogen abstraction, which can minimize Mo/SZ 
coke deposition, while Cr, W is known for stability and increases acidity. 
2.8 Sulfated Zirconia Supported W for Activation of Methane to C2 
Progress has been made towards understanding how methane can be directly activated 
by forming methyl radicals[15], without the involvement of co-reactants, which may further 
react to produce higher hydrocarbons. This route of methane activation to ethane and ethylene 
requires the presence of a solid acid catalyst[31]. The reaction has two important pathways, 
one converts methane to ethane and the other produces ethylene. 
Thermodynamically, such methane activation pathways ultimately drive the reaction 
spontaneously towards formation of solid carbon[27, 32], which is the most stable product at 
equilibrium conditions. In order to drive the selectivity towards C2s, an oxide heterogeneous 
catalyst is necessary [37, 56, 80].  
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One of the most important properties needed for such catalysts is the ability to form 
oxygen vacancies[81]. For strong oxidizing agents, oxygen vacancies are readily formed. This 
is the similar mechanism that enables methane during OCM to convert and selectively produce 
C2 hydrocarbons. A recent DFT study by Cheng Et. al[82] suggested that a limited increase in 
concentration of oxygen vacancy on the oxide based catalyst results in significant decrease in 
the energy required for the hydrogen extraction to break the methane molecule and form methyl 
radicals. Oxygen vacancies thus can promote the direct conversion of methane.  
Here, this study focuses on using W oxide based acid catalyst. Previously, transition 
metals of group VIB have shown activity for alkane activation.[10, 35] Mo/W oxide supported 
on ZSM-5/MCM-22 is a well-studied bifunctional catalyst for methane 
dehydroaromatization.[36, 65] It has been reported that the metal carbide species produced 
from Mo/W oxides activate methane by forming CHx species, which is dimerized into C2Hy 
species.[50, 83] Previously, this group demonstrated high activity and strong aromatic 
selectivity for methane dehydroaromatization (MDHA) using Mo oxide doped on sulfated 
zirconia (SZ) solid acid catalysts[15]. During these studies, it was observed that the addition of 
W as promoter to Mo/SZ shifted the MDHA product selectivity towards ethylene and 
ethane.[10] W is known to be a strong oxidizing agent [17, 38]. It reacts with rare-earth 
elements, Fe, Cu, Al, Mn, Zn, Cr, Mo, C, H2, and can be reduced to pure tungsten metal[48].   
The rationale is to dope W oxide into a stable non-reducible oxide that exhibits high 
resistance to the loss of oxygen and low reactivity towards hydrogen at high temperature. 
Although silica and alumina have been reported as strong non-reducible catalyst supports[11, 
84],  recent studies have revealed zirconium oxides to demonstrate higher strength in working 
conditions[52]. It has been reported that the sulfurized form of ZrO2 known as sulfated zirconia  
(SZ), actively helps the active metal sites to stabilize on the oxide support at a greater 
degree[48, 85]. SZ is a well-known solid acid possessing surface H+ ions[46, 48], which can 
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react with some of the excess methyl radicals and remove these in the form of benzene and 
heavier hydrocarbons as valuable side products[13, 15]. 
2.9 Activation of Ethane and Propane 
Ethylene and propylene are the most important feedstocks in chemical industry,  and 
are produced from dehydrogenation of ethane and propane.[86] Another important reaction is 
alkane activation to higher hydrocarbons and aromatics in presence of solid superacids[83]. 
Several dehydrogenation reactions of interest are shown below, all of which require external 
energy supply and presence of a catalyst.  
4 C2H6 (𝑔) → C2H4 (𝑔)+ C6H6 (𝑔)+ 7 H2 (𝑔) ↑ (ΔG298K =+325 kJ/mol, ΔH298K =+470 
kJ/mol) 
    2 𝐶3𝐻8 (𝑔) → 𝐶6𝐻6(𝑔) + 5 𝐻2(𝑔) ↑ (ΔG298K = +178.4 kJ/mol, ΔH298K = +292.3 
kJ/mol) 
The free energies become thermodynamically favorable at elevated temperatures. To 
reach a conversion of 20-30%, reaction temperatures of at least 5000C are required. These 
reactions are often accompanied by undesired side reactions[87], such as, methane (through 
cracking),C4 (through β-scission) and carbon deposition. Activation of alkanes to higher 
hydrocarbons requires the presence of bifunctional catalysts, in which metal sites first activate 
the alkanes via dehydrogenation. Then, alkyl intermediates and light alkenes are formed and 
the adjacent HZSM-5 acid sites supply protons to the intermediates and form aromatics (C6 
and C6+) as final products. Metal-supported HZSM-5 is a well-known bifunctional catalyst for 
ethane and propane conversion [66, 83].  
2.10 Probing Surface Acidity of Aluminum Bromide 
Acid catalysis is one of the most important area of modern catalysis, and is a key step 
in a number of chemical processes[7]. These catalysts are utilized in solid, liquid, or gaseous 
form. Liquid and gas phase acid catalysts often involve inorganic or mineral acids such as 
H2SO4, HBr, or HF. Although very effective, these catalysts suffer from several drawbacks: 1) 
difficult separation of products from the catalyst, 2) corrosiveness of the system, and 3) 
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significant quantities of waste. However, solid acids can be directly separated from the 
products. Thus, solid acid catalysts can play a significant role in the environmentally friendly 
chemistry and sustainable technologies [15, 88, 89]. One important class of solid acids involve 
group IIIA halides: in particular aluminum halides [90-92].  
Solid aluminum halides are typically in the form of a dimer, e.g., Al2Cl6 or Al2Br6.  
Substantial monomer concentrations are present only at temperatures at or above 300-400 °C 
[93]. These halides are strong solid Lewis acids and are known to catalyze various types of 
reactions, including Friedel Crafts alkylation, acylation [94-96], alkane isomerization and 
cracking [96-98], and polymerization [96]. These catalysts can also catalyze both the 
decomposition and oligomerization of the alkyl bromides at elevated temperatures [94, 99-
102].  
Aluminum chloride, Al2Cl6, is a widely used acid catalyst in industry. Even though it 
is typically used as a solid, generation of inorganic and acidic waste through leaching remains 
a problem, making separation of products difficult. This has led several researchers to 
investigate the possibility of supporting Al2Cl6 on various types of solid supports like SiO2 
[103-112], Al2O3 [113], mesoporous silica like MCM-41 [114, 115], polystyrene [116-118] etc. 
These supported aluminum chloride catalysts showed high activity in various acid-catalyzed 
processes including alkylation [119], polymerization [109, 113], isomerization [104], and 
Mannich synthesis [108] .  
To the best of our knowledge, activating methane and other light alkanes directly using 
promoted Mo, W, Cr metal oxides supported on SZ or SH solid acid catalysts have never been 
attempted in the literature. Probing acidity on silica catalysts using chemical vapor deposition 
is also a novel attempt for isomerizing 1-butene using acid catalysts. These catalysts inherit 
high acidity, which are planned to be thoroughly studied in this work. Thus, we propose to 
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investigate these acid catalysts for direct activation of various light alkanes present in natural 


























Chapter 3. Sulfated Hafnia as A Support for Mo Oxide: A Novel 
Catalyst for Methane Dehydroaromatization 
3.1 Introduction 
The exponential growth of need for energy in the 21st century has been significant. 
According to the national Petroleum Council in the USA[120], it has been reported that the 
energy demand will increase by 50% by the year 2030. Possible reasons behind energy crisis 
include increased per-person consumption, population, limited fossil fuel resources, limits to 
renewable energy options, and inefficiency. Around the globe, the demand for nonrenewable 
resources is increasing, particularly in the United States[121], and all these resources have 
limits. To date, oil, natural gas and coal are the principal fuels for energy production, and 
natural gas is generally considered to be a cleaner fuel [122]. 
U.S. Energy Information Administration recently shows that U.S. natural gas 
production has set a record of natural gas production. Conventional use of natural gas includes 
generation of electricity, chemical production, and industrial and domestic heating [123]. 
Reports show that in 2017 alone, around 90.9 billion cubic feet of natural gas was withdrawn 
per day from U.S. natural gas reservoirs. This is the highest amount in the nation’s history.   
A major component of natural gas is methane. Its abundance has attracted the scientific 
community to develop reactions and processes to convert methane into higher-value products. 
Despite significant study, the conversion of methane to large-volume chemicals has not yet 
fully reached its potential[80].  
Processes for conversion of methane can be categorized into direct and indirect reaction 
routes[27]. Indirect processes are based on the formation of an intermediate product, such as 
syngas, which goes thorough an additional reaction step to form hydrocarbons[27].  
__________ 
          This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, Srikar 
Bhattar, James Spivey “Sulfated hafnia as a support for Mo oxide: A novel catalyst for methane 
dehydroaromatization”, Catalysis Today 343(2020): 8-17. Reprinted by permission of Elsevier.  
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These processes include partial oxidation, dry reforming[124], bi-reforming[125] , 
steam reforming[126], halogenation[127] and sulfidation[128]. Processes such as steam 
reforming of methane are commercially practiced and are characterized by high temperature. 
Because of the additional intermediate step, these processes are capital intensive.  
Direct conversion of methane include dehydroaromatization[51], isomerization[129] , 
hydroconversion [52], catalytic pyrolysis[130], and metathesis[31]. The advantage of direct 
approaches is to eliminate the intermediate step, which greatly reduce energy requirements and 
capital investment.  
Methane dehydroaromatization (MDHA) is one direct route for methane 
conversion[1,37]: 
  6 𝐶𝐻4 ↔ 𝐶6𝐻6(𝑔) + 9 𝐻2 ↑   (ΔG298K = +433 kJ/mol, ΔH298K = +530 kJ/mol)  (1) 
Very high temperatures (700ºC-1000ºC) are needed to drive the equilibrium toward the 
formation of benzene and hydrogen. At these high temperatures, thermodynamics can limit the 
formation of coke[32], and the formation of benzene rather than coke. However, a catalyst must 
be active, selective, and stable at these demanding conditions.  
MDHA was first studied by Wang et al. [34] who found that metal activated zeolite 
supports can convert methane directly to benzene and hydrogen. The addition of molybdenum 
and/or tungsten greatly affected the benzene selectivity at temperature above 700ºC[39]. 
Further studies showed that the addition of promoters, including strong Brønsted acid sites and 
shape-selective a pore structure, increased activity for MDHA[36]. It was found that a 
bifunctional catalyst is required for the direct approach of methane conversion. Studies indicate 
that transition metal carbide or oxycarbide act as primary site to activate the stable C-H bond 
to produce CHx species[36], which are unstable and readily form C2Hy dimers. These dimers 




Molybdenum carbide, tungsten carbide, and oxycarbide are regarded as the most active 
catalysts for the MDHA reaction [50]. ZSM-5 and MCM-22 have been found to be the most 
active acidic supports for these catalytic sites[37]. The proposed mechanism on Mo/W 
carbides/oxycarbides on ZSM-5/MCM-22 consists of two steps (Figure 3.1): (a) dimerization 
of methane on the Mo sites and (b) oligomerization of the dimers to benzene (and other 
aromatics) on the Brønsted sites [27]. 
Figure 3.1. Bifunctional mechanism of MDHA catalysts (BAS=Bronsted Acid sites) 
An important property of these Mo/W bifunctional catalysts is the in-situ formation of 
metal carbide/oxycarbide species through the insertion of carbon into the lattice of the active 
metal. As carbonaceous compounds react with the metal, carbon donates its valence site 
electron to the outer d band of the active metal, which resembles an electronic density of states 
at Fermi level that is similar to the electronic configuration of noble metals like Pt and Pd. 
Because of this, the metal carbides act like noble metals, and this new property can be exploited 
for a wide range of reactions, including methane dehydroaromatization, dehydrogenation, 
oligomerization etc[52].  
Solid acids such as sulfated zirconia (SZ), sulfated hafnia (SH), tungstated zirconia 
(WZ) are highly acidic compounds that have high surface area that are also stable at elevated 
temperatures[42]. These possess strong BA sites[45] that are a key role in the oligomerizat ion 
of dimeric species in the MDHA reaction.  
Mo doped on solid acids has been reported in the literature for reactions such as alkane 
hydroconversion, isomerization etc [52]. Recently, Ahmed [47]reported that the surface sulfate 
complex is stabilized if small amount of hafnia is added to the tetragonal phase of zirconia, and 
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thus enhancing their activity for the isomerization of butane to isobutene.  Arata et al. [48] 
found that sulfated HfO2 promotes acidity that catalyzes the isomerization of butane to 
isobutene; but to the best of our knowledge, no study has yet shown dehydroaromatization of 
methane on the proposed Mo-SH catalysts.  
The hypothesis here is to replace the conventional ZSM-5/MCM-22 supports with 
enriched solid acids containing BA sites and dope with Mo to serve as active metal for MDHA 
(Figure 3.2). This suggests that sulfated hafnia can serve a similar role for MDHA. The aim of 
this present work is to understand the effect of these catalysts for MDHA and to study the effect 
of Mo loading at reaction conditions of interest. 
 
Figure 3.2. Proposed mechanism of Mo/SH catalyst for methane dehydroaromatization 
 
3.2 Catalyst preparation 
Literature methods to prepare Zirconium oxide[131] was followed for the synthesis of 
Hafnium oxide. The prepared Hafnium oxide was mixed with 500 ml of prepared solution of 
0.5 M H2SO4. The mixture was stirred for 2 hours, followed by vacuum filtration. The retentate 
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was dried at 110ºC overnight and was calcined subsequently at 650ºC for 3 hours to retrieve 
the final sulfated Hafnia (SH) catalyst.  
Mo impregnation was carried out at room temperature. Two catalysts were prepared by 
adding 1 and 5 weight percent of Mo respectively, in the form of ammonium molybdate, to 8 
gm of prepared SH along with 100 ml DI water mixture.  
The mixture was stirred for 2 hours, followed by overnight drying at 110ºC. Subsequent 
calcination was carried out at 550ºC in presence of dry air. The catalyst was sent through a 
sieve to achieve the final powdered form. It was later weighed and collected in glass ampule to 
avoid atmospheric air and moisture exposure.  
3.3 Characterization techniques 
BET 
Altamira AMI-200 catalyst characterization system was used for Breauner Emmett 
Teller (BET) surface area analysis with N2 monolayer adsorption. A three-point BET was 
used with 10 %, 20 % and 30 % N2 concentrations for estimation of the catalytic surface 
areas. 
Ammonia-TPD 
Altamira AMI-200 reactor system in conjunction with Ametek Mass Spectrometer was 
used to run Ammonia-TPD. 50 mg of the prepared catalyst was loaded on a quartz tube reactor, 
followed by pretreatment. Temperature was ramped up to 200 °C under 30 sccm of He for 30 
min to get rid of any weakly adsorbed particles. Sample was then cooled down to 50°C under 
He, before introducing 40 sccm of 5% NH3/He to start NH3 adsorption process for 90 mins. 30 
sccm of He was flown for 40 min to remove any residual ammonia. TCD detector was later 
turned on and the temperature was ramped up at 10 °C/min. from 50 °C to 650 °C.  Based on 
the signal from TCD, amounts of ammonia desorbed and peak positions were calculated to 




Pyridine was used as a probe molecule in Diffuse Reflectance Infrared Fourie r 
Transform Spectroscopy (DRIFTS) experiment. A Thermo Scientific Nicolet 6700 FTIR 
equipped with Harrick Praying Mantis reaction cell fitted with KBr windows was used to carry 
out the experiment.  
IR cell was loaded with the catalyst sample inside the glovebox to avoid air and 
moisture exposure. Helium was introduced in the cell, followed by pretreatment at 100 °C for 
30 min to clean the surface from adsorbed impurities. Sample was cooled down to 25 °C after 
pretreatment and a background spectrum was recorded with a spectral resolution of 4 cm-1 in 
region going from 4000 – 650 cm-1. Catalyst was saturated with gaseous pyridine for 180 min 
at 25 °C. He was later introduced again in the post saturation step to remove physisorbed 
pyridine from the catalyst surface as well as the cell chamber. Sample was then treated at 100ºC 
for 10 min and cooled back to room temperature and the actual spectrum was recorded. Similar 
spectra were recorded at room temperature after 10 min. Treatments were done at 150 °C, 200 
°C, and 300 °C to investigate the thermal stability of the acid sites on catalysts.  
XPS 
X-ray Photoelectron Spectroscopy for the samples was performed at Louisiana State 
University Shared Instrument Facility (SIF). All the analyses were performed on Scienta 
Omicron ESCA 2SR XPS instrument with Al monochromatic X-ray source at 15 kV and at a 
pass energy of 40. Post analysis of XPS data was performed using CasaXPS software. 
HR-TEM 
High Resolution Transmission Electron Microscope was used to study differences in 
Mo phase. The transition of Mo oxide to the active Mo carbide or oxycarbides could be 
observed through HR-TEM analysis. HR-TEM scans of these catalysts were obtained using 




SEM-EDS analysis of the samples was carried at LSU Shared Instrument Facilities 
(SIF) using FEI quanta 3D FIB/SEM equipped with Ametek EDAX accessory. Samples were 
analyzed at a voltage of 5 kV and at a resolution of 3 µm to detect elemental compositions. 
XANES 
LIII edge X-ray Absorption Near Edge Structure (XANES) spectra of Mo supported on 
SH were collected at the Low Energy X-Ray Absorption Spectroscopy (LEXAS) beamline of 
J. Bennett Johnston, Sr., Center for Advanced Microstructures and Devices (CAMD), 
Louisiana State University, Baton Rouge, Louisiana. CAMD operates an electron storage ring 
at 1.3 GeV, with a typical ring current of 100 mA to 50 mA. LEXAS is a windowless beamline, 
with only a 13 µm Kapton™ tape separating the ring from the beamline. The University of 
Bonn designed double crystal monochromator uses InSb (111) crystals in this energy range, 
has a resolution of ca. 0.5 eV. The monochromator was calibrated to 2481.44 eV with the peak 
of zinc sulfate white line. Samples were prepared by spreading the finely-ground powder on 
silicon and sulfur free Kapton™ tape. All the measurements of the in transmission due to severe 
overlap of sulfur K and Mo L fluorescence lines. For Mo L III edge measurement, the sample 
chamber was evacuated to 50 Torr. The parameters for the scans were from 2505 eV to 2530 
eV with 0.1 eV steps and from 2530 eV to 2550 eV with 0.2 eV steps. Multiple spectra were 
averaged for better signal to noise ratio. Mo standards used in the analysis were: MoO3 (99.9% 
metals basis, Alfa Aesar) and Mo2C (99.9% metals basis, Alfa Aesar). 
3.4 Experimental Procedure 
The prepared catalysts will be run for 21 cycles on stream using Altamira reactor system 
under adequate reaction conditions (600-750⁰C, atmospheric pressure) designed for MDHA 
experiments. The catalyst will be loaded in an Altamira AMI 200HP reactor system equipped 
with quartz tube reactor. In situ catalytic pretreatment will be initiated by reducing the sulfated 
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hafnia supported MoOx catalyst under dry hydrogen gas at a ramp rate of 10K/min till the 
reaction temperature of 600-700ºC will be reached. After the reaction temperature is reached, 
a CH4:H2 gas flow ratio of 1:4 will be introduced which leads to carburization of the 
molybdenum oxide species. This mixture of flow will be maintained for 4 hours to initiate the 
formation of molybdenum carbide/oxycarbide species. This will be followed by turning off H2 
and CH4 gas and purging the system with inert gas. CH4 flow will be reintroduced afterwards 
to carry out DHA reaction.  
Downstream reaction product gas will be analyzed using Shimadzu GC2014 (FID, 2 
TCDs) equipped with Restek RT-Q-Bond column (30 m x 0.53 mm x 20 µm) in conjunction 
with Shimadzu QP2010 GC-MS system. 
For a comparative study, Mo supported HZSM-5 will also be studied under similar 
reaction conditions for methane DHA. Synthesis of Mo-HZSM-5 included similar 
impregnation method that was used to prepare Mo-SH catalyst.  
Following formulas were used for the activity calculation. 
% CH4 conversion = 
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛− 𝑚𝑜𝑙 𝐶𝐻4𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛
 x 100 
Selectivity will be calculated based on products observed. Carbon deposition is 
excluded from this calculation as the coke formed at any instant of the reaction is not measured. 
Another reason for the exclusion is because the rate of coke formation differs over a period and 
will not be discussed in this work. 




3.5 Catalytic Characterization 
Physico-chemical Properties 
Table 3.1 shows the physico-chemical properties of the 1 and 5 wt.% of Mo-SH. 
Baseline hafnium oxide is reported in the literature to have surface area of 30-60 m2/g[132, 
133]. BET analysis on the fresh sulfated hafnia was found to be 49 m2/g, well within the 
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expected surface area. Addition of Mo to SH decreases the surface area only slightly, 
suggesting that Mo species do not impact the surface area of SH, which is basically a monolayer 
structure[132]. XPS and SEM-EDX analyses show that Mo content is close to the expected 
loading.  
Table 3.1. Physico-chemical properties of Mo-SH catalysts 










surface area  
(m2/g) 
SH - - - 49 
1% Mo-
SH 
1 1.6 1.1 44 
5% Mo-
SH 
5 5.2 4.5 45 
 
DRIFTS 
DRIFTS spectroscopy using pyridine adsorption was used to investigate the nature of 
Brønsted and Lewis acid sites as a function of Mo loading.  Figure 3.3 represents DRIFTS 
spectra of SH catalysts for various loading of Mo. Literature suggests that sulfated hafnia has 
both Brønsted and Lewis strong acid sites[132]. Based on this, identification of the observed 
IR absorbance bands after pyridine desorption at the range of 373 K-673 K can be made. 
Characteristic bands at 1490, 1540, 1607 and 1640 cm-1 represent pyridine adsorbed on 
Brønsted acid sites [134, 135]. Bands at 1447, 1490, 1610 cm-1 are assigned to pyridine 
adsorbed on Lewis acid sites [132, 134, 135]. Literature suggests that bands at 1490 and 1610 
represent both the Lewis as well as Brønsted acid sites.[134] 
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Based on the DRIFTS results, Figure 2 displays the characteristic Brønsted and Lewis 
acid sites were present at 373 K after Mo was loaded in SH. As Mo loading increased, bands 
corresponding to Brønsted acid sites at 1490, 1540 and 1640 cm-1 shifted slightly to lower 
wavenumbers, suggesting a decrease in strength for Brønsted acidity[134]. This can be 
attributed to the interaction of Lewis acidic Mo oxides [59, 136] with the available hydroxyl 
groups and oxygens on sulfated hafnia surface. Thermal stability of the SH catalysts was tested 
up to 473 K, and despite of the high temperature, all the catalysts showed stable acid sites and 
strength. 
 
Figure 3.3. Pyridine-DRIFTS comparison data for sulfated hafnia and Mo-SH catalysts. 
Samples were desorbed in pyridine at 1000C. (a) SH (b) 1% Mo-SH (c) 5% Mo-SH ; B- 
BrØnsted, L= Lewis 
NH3-TPD 
A comparison of NH3 -TPD for SH and the three Mo doped SH catalysts is shown in 
Figure 3.4. [Note that at temperature above ~600⁰C-700⁰C, the available surface sulfates start 
to decompose, causing sulfur oxides to get released in gaseous form [16, 48, 135]. This causes 
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a false signal in TCD. Because of this NH3 TPD was run on all SH catalysts up to 520⁰C to 
measure the TCD signal].  
 
Figure 3.4. NH3-TPD comparison data for (a) SH, (b) 1% Mo-SH, (c) 5% Mo-SH 
Table 3.2 shows the concentration of acid sites (mmol NH3/g cat). A desorption peak 
at around 130⁰C was observed for all SH catalysts, due to relatively weak acidity. The results 
for SH and low Mo loaded SH catalyst were quite similar, suggesting that most of the acidity 
was from SH alone.  
Table 3.2. Amount of NH3 desorbed/consumed per gram of catalyst 
Catalyst 
 
Total micromoles of NH3 desorbed/ 
consumed per gram catalyst 
Sulfated hafnia 888.6 
1% Mo-SH 840.7 
5% Mo-SH 819.8 
The acid concentration decreased slightly with increase in total metal loading. This is 


























during calcination. This also suggests that the addition of Mo on SH may have covered 
sufficient catalyst to affect the access of the probe ammonia to the available acidic sites. 
XANES 
The formation of the reported active phase Mo2C or MoOxCy generated in-situ and can 
be identified using Mo LIII edge XANES spectra. Figure 3.5 shows the absorption versus 
energy of the LIII edge spectra for the 5% Mo-SH catalyst, along with MoO3 and Mo2C 
standards for absorption peak comparison. Fresh Mo-SH catalyst resembles the MoO3 standard, 
with two split peaks (B and C). These unique splits refer to t2g and eg splitting of Mo 4d 
orbitals[137] from tetrahedral coordination.  Similar sets of peaks are observed for carburized 
samples, where a decrease in intensity in the second peak (C) was observed, in comparison 
with the fresh sample. The spent catalyst showed absorption at lower energy[138], including a 
loss of split peaks, which has unique resemblance with the absorption edge of Mo2C standard 
sample[138, 139]. This supports the claims made in the literature [27, 136, 139] that Mo oxides 
Figure 3.5: LIII edge XANES spectra for catalysts and reference samples: (a) MoO3 standard, 




are transformed to Mo2C or MoOxCy in-situ, which act as active sites for methane 
dehydroaromatization reaction.  
HR-TEM 
High resolution transmission electron microscopy was used to understand the state of 
molybdenum at different steps of the reaction. 5% Mo-SH showed higher activity; hence it was 
chosen for HR-TEM analysis. Catalysts after three different steps were analyzed: fresh, 
carburized and spent. HR-TEM analysis of sulfated hafnia identified two different phases, 
primarily consisting of monoclinic hafnia planes (111) along with some orthorhombic hafnium 
oxide planes (211). 
Before initiating MDHA reaction, HR-TEM was carried on fresh 5% Mo-SH samples. 
Monoclinic hafnia with (111) planes was most commonly observed in fresh sample (figure 
3.6). Along with hafnium oxide, several planes corresponding to molybdenum (III) oxide were 
identified, as those were finely dispersed over the hafnium oxide support. The most common 
plane found for MoO3 was (040), followed by (021) planes. These planes confirm the presence 
of Mo in oxide phase before the beginning of the reaction[49, 140]. After the catalyst was 
carburized for 4 hours, it was collected to run HR-TEM (figure 3.7) to identify the reduced 
Figure 3.6. HR-TEM analysis for 5% Mo-SH fresh catalyst 
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phases of molybdenum oxide. Along with the abundant monoclinic and some orthorhombic 
hafnium oxides, new planes were observed. Reduced molybdenum oxides were found to be 
formed because of carburization step, along with planes (211) corresponding to the formation 
of Mo carbides. Matus et al.[40] confirmed the presence of Mo2C planes at similar d-spacing 
of 0.23 nm. Apart from these detectable Mo planes, planes corresponding to    intermediate 
phases in between Mo oxides and Mo carbides were also observed. These can be due to the 
formation of Mo oxycarbides [141, 142] with d-spacing of 0.24 nm.  
 
 Figure 3.7. HR-TEM analysis for 5% Mo-SH carburized catalyst 
After the 16 hour-run, 5% Mo-SH spent catalyst was collected to analyze by HR-TEM 
to determine if the active Mo2C phase is formed (Figure 3.8). Various planes (110, 020, -111) 
of monoclinic hafnium oxides were detected in the process. Molybdenum was found in planes 
corresponding to (211) Mo2C, as well as some unreduced MoOx. This confirmed the generation 
of molybdenum carbides, which is generally accepted as the active sites for dimerization of 
methane in MDHA reaction[37]. Mo2C planes were mostly found around the edges of the 




Figure 3.8. HR-TEM analysis for 5% Mo-SH spent catalyst 
3.8 Reaction Data  
Effect of Mo content  
To study the effect of the Mo content on sulfated hafnia, 1 wt % and 5 wt % of Mo 
catalysts were tested.  
Deactivation 
Figure 3.9 shows that 5% Mo-SH was initially more active than 1% Mo-SH (13% 
versus 7% methane conversion). However, deactivation was significant for both catalysts, and 
after 650 min, methane conversion was the same, ~4%.  Several reasons are likely responsible. 
The primary reason is the formation of coke, as shown below by TPO. A secondary reason was 
also found to be inevitable in these catalysts--the loss of sulfate groups from the surface of 
sulfated hafnia. During the NH3-TPD of the fresh catalysts, oxide compound decomposition 
was detected in the mass spec signal, which can only be attributed to sulfur oxides, because 
hafnia is a very stable compound (melting point of 2758ºC). For the similar catalyst sulfated 
zirconia, using TGA analysis, Srinivasan et al.[143]reported that decomposition of O2 from the 
36 
 
ZrO2 structure is highly unlikely, leaving oxygen decomposition from SO4-2 to be the only 
possible explanation. 
Selectivity  
Primary products included ethylene, ethane, propylene, propane, and aromatics 
including benzene, toluene and xylene, along with hydrogen. For 1% Mo-SH, ethylene 
selectivity initially increased with time (Figure 3.10), then decreased.  For 5% Mo-SH, ethylene 
selectivity increased monotonically with time, and was lower than 1% Mo-SH until the two 
selectivities were essentially equal after ~700 min. This suggests that the sites that are initially 
responsible for ethylene formation are different.  To a first approximation, ethylene selectivity 
was relatively constant on 1% Mo-SH, after an initial period of time. By comparison, sites 
responsible for ethylene selectivity increase monotonically with time.  
 
Figure 3.9. Reaction data of different loadings of Mo-SH catalysts for conversion of methane 
(650⁰C, 1 atm, 600 ml/gcat-hr) 
This behavior may be attributed an induction period in which the Mo is carbided.  If so, 































Mo-SH than for the 1% Mo-SH. This is also in accordance with the general observation that 
Mo is responsible for the production of C2Hy groups from dimerization of methane.  
Figure 3.11 shows that the benzene selectivity decreases rapidly with both catalysts, at 
roughly the same rate. This is likely due to the loss of Brønsted acid sites that are responsible 
for aromatics formation [27, 36, 40].  
 
Figure 3.10. Reaction data of different loadings of Mo-SH catalysts for Ethylene selectivity 
(650⁰C, 1 atm, 600 ml/gcat-hr) 
As benzene selectivity decreases, more of the products are attributable to the formation 
of coke, as shown below for the TPO results.  
The 5% Mo-SH catalyst seems to have more selective sites than 1% Mo-SH, but they 
































Figure 3.11. Reaction data of different loadings of Mo-SH catalysts for benzene selectivity 
(650⁰C, 1 atm, 600 ml/gcat-hr) 
Effect of temperature  
The effect of temperature on methane conversion on 5% Mo-SZ catalyst for MDHA is 
shown in Figures 3.12-3.14. Three different temperature reactions (600ºC, 650ºC and 700ºC) 
were run at otherwise the same reaction conditions.  
Fig. 3.12 shows that methane conversion increased expectedly with higher temperature. 
A maximum of 21% conversion of methane was observed at 700ᵒC, which includes carbon 
formation on catalyst bed.  
The methane conversion increases for the three temperatures studied here, and 
decreased with time at all three temperatures, reaching a near-steady state conversion 4%-7%.  
As discussed above, deactivation is attributable to both coke deposition and loss of surface 
sulfates.  
Ethylene and benzene selectivity were measured as a function of time at each 
temperature. For all three temperatures, ethylene selectivity generally increased with time but 






























Figure 3.12. Reaction data for methane conversion of MDHA over 5% Mo-SH catalyst (600⁰C-
700⁰C, 1 atm, 600 ml/gcat-hr) 
Unlike the monotonic increase with ethylene selectivity for 600⁰C and 650⁰C, at 700⁰C 
the ethylene initially increased rapidly, then decreases more slowly, reaching a maximum at 
~350 mins.   
These results show that at all three temperatures, the ethylene selectivity appears to be 
approaching a common steady state value of ~45% at 900 min. As discussed above, this can 
be attributed to the gradual Mo carbide formation of these active sites.  
Benzene selectivity decreased rapidly with time for all three temperatures, but much 
more rapidly at 700⁰C than at 600⁰C and 650⁰C.  
Selectivity as high as 65%, at 600⁰C, and that was at an initial value. As discussed 
above, deactivation may be due to both coke and the loss of sulfate sites form SZ surface at a 
temperature higher than 630ᵒC-650ᵒC[46].  
The loss of sulfate sites results in a corresponding loss of acid sites for the aromatization 
































Figure 3.13. Reaction data for ethylene selectivity in MDHA over 5% Mo-SH catalyst (600⁰C-
700⁰C, 1 atm, 600 ml/gcat-hr) 
 
Figure 3.14. Reaction data for benzene selectivity in MDHA over 5% Mo-SH catalyst (600⁰C-
700⁰C, 1 atm, 600 ml/gcat-hr) 
Effect of space velocity 
Effect of space velocity (SV) on methane conversion, ethylene selectivity, and benzene 
ethylene selectivity for the 5% Mo-SH was studied using three different SVs: 600, 1200 and 




























































conversion decreases as the space velocity increases, as expected.  Ethylene selectivity was an 
anomaly for all three space velocity runs.  
 
Figure 3.15. Reaction data for methane conversion of MDHA over 5% Mo-SH catalyst at 
different space velocity (650⁰C, 1 atm) 
 
Figure 3.16. Reaction data for ethylene selectivity of MDHA over 5% Mo-SH catalyst at 
different space velocity (650⁰C, 1 atm) 
For both 1800 and 1200 SV, there is a maximum in selectivity with time, while for 600 






























































1800 and 1200 SV. These results represent the relative rates of ethylene formation on the Mo 
sites and that of the conversion of ethylene to both benzene and coke. At 600 SV, benzene 
selectivity is greater than 1200 or 1800, suggesting that relatively less coke is selectively 
produced at 1200 or 1800 SV.  
Benzene selectivity for all three SVs decreases with time and decreases with higher 
SVs.  At the highest 1800 SV, benzene selectivity is lower while ethylene selectivity is higher 
at shorter times, reflecting the lower rate of benzene formation compared that of ethylene, at 
initial and intermediate times on stream.  
 
Figure 3.17. Reaction data for benzene selectivity of MDHA over 5% Mo-SH catalyst at 
different space velocity (650⁰C, 1 atm) 
Comparison with 5% Mo/HZSM-5 
The 5% Mo-HZSM-5 catalyst is widely used in the literature for the MDHA reaction. 
To compare the 5% Mo-SH with a 5% Mo-HZSM-5 catalyst from the literature, a direct 
comparison was carried at the same reaction conditions. Table 3.3 shows the results. Methane 
conversion for the 5% Mo-SH was greater than 5% Mo-HZSM-5, 9.5% versus 7.5%. In 
addition, the results show a higher aromatic selectivity and lower C2/C3 selectivity was 





























The results for 5% Mo/HZSM-5 was different from the literature [51]. This can be 
attributed to differences in catalyst synthesis techniques, pretreatment techniques, and reaction 
conditions. These differences may result in lower than optimum catalytic activity for both the 
catalysts. However, based on this limited comparison at nominally same conditions, the 5% 
Mo-SH catalyst is more active and selective, at least as measured by methane conversion and 
aromatic selectivity (C2-C3 is much greater for 5% Mo/HZSM-5).   
Table 3.3. Activity and selectivity comparison for 5%Mo-HZM-5 and 5% Mo-SH catalyst 









7.5 87.1 12.9 
5% Mo/SH 9.5 49.8 50.2 
 
3.9 Characterization of Spent Catalyst 
The amount and reactivity of carbonaceous deposits on 5%Mo-SH and 1%Mo-SH 
catalysts were studied after MDHA reaction at 650⁰C for 16 hours using temperature 
programmed oxidation. Figure 3.18 shows TPO data for 1% Mo-SH and 5% Mo-SH catalysts. 
Depending on the activity of each catalyst for MDHA, differences in the TPO curve are 
observed.   
Carbon deposition on both catalysts here can be categorized as either amorphous, which 
has a peak position at 400⁰C, or polymeric carbon generated from aromatics, which has peak 
temperatures at 500⁰C-600⁰C range[144]. Both catalysts showed sharp oxidation peaks at 




A small shoulder is observed at ~425⁰C, which represents amorphous carbon being 
formed during the reaction[40, 144]. After 16 hours on stream, a significant amount of coke 
was observed for both catalysts (Table 3.4). More carbon was observed more for 5% Mo-SH, 
which was the most active catalyst for MDHA. 




1% Mo-SH 1.27 
5% Mo-SH 2.35 
Liu et al.[59]reported that Brønsted acid sites provide active sites for the formation of 
aromatics, and lead to coke formation as final product. This leads to deactivation of Mo-SH 
catalysts during MDHA reaction. This shows that 5% Mo-SH produces more carbon since it is 
more active. 
Figure 3.18. TPO data for 1% and 5% Mo-SH spent catalyst, 15 sccm O2/He, 50 mg catalyst 
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3.10 Future Extensions 
Preliminary results suggest that the catalytic activity can be improved by suppressing 
deactivation. As mentioned earlier, catalytic deactivation is primarily because of carbon 
deposition, and secondarily because of the loss of sulfur sites from catalytic surface. 
Addressing these issues can improve the catalytic activity as well as product selectivity. Based 
on the literature review, addition of promoters such as Cr, Pt, Pd can be introduced to study 
their effect on suppression of carbon deposition[17].  To address the other deactivation 
mechanism regarding loss of sulfate sites coverage, stability of sulfate species on hafnia surface 
is necessary, because literature suggests that at elevated temperature (~650⁰C), these sulfate 
sites start to decompose from the catalytic surface due to volatilization [46].  
Keeping this in mind, a new catalyst with Mo doped vanadium oxide based zirconia 
can be proposed for methane dehydroaromatization. This Mo/V2O5-ZrO2 will be synthesized 
and run to see whether the acidity of vanadium oxide could complement the acidity offered by 
sulfate sites to give similar Brønsted acidity required for MDHA. As vanadium oxide is highly 
stable at elevated temperature range[145], V2O5-ZrO2 may also show similar reactivity as the 
prepared sulfated solid acids, yet sustaining at high temperature, without leading to 
deactivation by losing acidity.  
A follow up work can also be established on activating higher alkanes like ethane and 
propane using the prepared solid acid catalysts. As the bond energy required to activate these 
hydrocarbons is much lesser than methane[146], a study on ethane/propane aromatization 
should be a logical extension of the methane aromatization work.  
3.11 Conclusion 
Methane aromatization is an important reaction pathway which, if used effectively, can 
be a major step forward towards making an efficient use of the abundant natural gas resource 
around the globe. The purpose of this work is to understand how the superacidity of solid acid 
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catalysts like Mo-SH can influence the product selectivity at a comparatively lower 
temperature than the conventional Mo/HZSM-5 catalysts. Major takeaway points from this 
proposed work include the following: 
• A brief literature review on methane dehydroaromatization is shown and rationale 
behind current study is explained.  
• The work focuses on the acidic effect of the novel sulfated hafnia, which replaces the 
conventional ZSM-5/ MCM-22 based acidic zeolites, for oligomerization of C2Hy 
dimers towards benzene. 
• Study of various reaction parameters such as the effect of temperature, Mo loading, 
space velocity provides helpful information regarding the activity and product 
distribution at different reaction conditions. 
• Primary deactivation may include carbon deposition and possible loss of sulfur sites at 
high temperature, which need to be addressed before a commercial approach can be 
undertaken. 
• Literature suggests the addition of promoters influence the deactivation mechanism as 
well as product selectivity of zeolite based catalysts, so a study of promotional effect 
for Mo based solid acid catalyst is necessary. 
• As sulfur sites are found to be unstable at an elevated temperature, a catalyst designed 
with metal oxide that can provide stability and required acidity will be proposed.  
Solid acids are yet to be investigated as supports for methane dehydroaromatization 
catalysis. A comprehensive understanding of this class of catalysts will introduce new research 
pathways for this reaction. Improvement of acidity at an elevated temperature may make this 
an industrially compatible approach, as it has a comparatively lower energy requirement than 
zeolite-based catalysts. Further study is necessary to help us tackle the limitations to produce 
higher hydrocarbons at minimal effort with maximum efficiency with this catalytic system. 
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Chapter 4. Promotional Effect of Cr in Sulfated Zirconia Based Mo 
Catalyst for Methane Dehydroaromatization  
4.1 Introduction 
Rise in the population and associated urbanization have caused a sharp rise in the 
energy demand over past century. Conventional energy sources derived from crude oil still 
dominate the energy. Natural gas is one of the key energy sources, as indicated as the ‘Shale 
gas revolution’ [147-149]. This has been made possible through recent technological 
advancements such as ‘horizontal drilling’ and ‘hydraulic fracturing’. All of this has caused a 
dramatic increase in the production of natural gas. 
One of the primary reasons for considering natural gas over fossil fuels such as coal 
and oil is because natural gas is regarded as a cleaner and more efficient energy source.[123] 
Natural gas is used for heating houses, buildings, water, street lighting, use and power 
generation. Additionally, some of the natural gas is flared due to access to economic processes. 
The use of right catalytic technology could convert these vast sources of methane into value-
added chemicals in a more efficient way. This was recently highlighted in a recent report by 
NAP (National Academic Press)[150]. 
The major component of natural gas is methane (~49%-84%), which has highly stable 
C-H bonds, requiring high temperatures[27], which is the major challenge for conversion of 
methane to higher-value products. Conversion of methane can be broadly classified into two 
categories: oxidative (indirect) and non-oxidative (direct) route.  
__________ 
This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, 
Srikar Bhattar, James Spivey, “Promotional effect of Cr in sulfated zirconia‐based Mo catalyst 
for methane dehydroaromatization,” Energy Technology 8(2020): 1900555. Reprinted by 




Oxidative routes involve use or addition of a co-reactant, often an oxidant, e.g., partial 
oxidation[151], oxidative coupling [152, 153], oxidation using S2 [154], reforming 
(dry/bi/steam) [125, 155-160]. Despite significant amount of research, none of these processes 
except ‘steam reforming of methane (SRM)’ has been commercially practiced[159].  
This process is a highly endothermic and yields a mixture of syngas (CO and H2). This 
syngas is then converted into value added chemicals like alcohols, oxygenates, C2+ 
hydrocarbons through another process known as Fisher-Tropsch synthesis[36]. Due to high 
endothermicity, SRM needs to be operated at elevated temperatures of ~ 700 °C, which is a 
significant portion of the capital cost. Recently,  Shell cancelled a $20 billion GTL (gas to 
liquids) plant in Louisiana [161] due to these costs. 
On the other hand, direct conversion of methane can yield value added chemicals in a 
single step, avoiding costly reforming steps [36, 127, 152, 162]. One of the most widely 
researched direct conversion route is methane dehydroaromatization (MDHA) of methane into 
benzene and hydrogen[163]: 
6 𝐶𝐻4 ↔ 𝐶6𝐻6+ 9 𝐻2, ∆𝐺298 𝐾 = +433 kJ/mol , ∆𝐻298 𝐾 = +530 kJ/mol 
Recent reviews [37, 61, 62, 67, 164] have been published that cover the important 
aspects of this reaction, which is thought to occur through a bifunctional mechanism: 
𝐶𝐻4
𝑀𝑒𝑡𝑎𝑙 𝑠𝑖𝑡𝑒
⇔      𝐶2𝐻𝑦
𝐵𝑟ø𝑛𝑠𝑡𝑒𝑑 𝑎𝑐𝑖𝑑 𝑠𝑖𝑡𝑒 
⇔             𝐶6𝐻6+ 𝐻2 
In this mechanism, metal site catalyzes the hydrogen abstraction from CH4 into CHx by 
subsequent dimerization and formation of first C-C bond, thus producing C2Hy species. 
Brønsted acid sites on the other hand, catalyze the cyclization and aromatization of dimeric 
species into benzene and other aromatics [27, 65]. 
Literature studies suggest that Mo has been the most active and out of the various 
supports, H-ZSM-5 has been the most active support [37, 61, 62]. Although very extensively 
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studied, these catalysts suffer from rapid deactivation due to strong coking on the surface of 
these catalysts [29, 63]. 
 
Figure 4.1. Proposed mechanism for Cr promotion for MDHA 
This coking behavior depends on the catalytic nanostructures[64], reaction 
conditions[29, 65] as well as the initial reactants [66] as well as final products[63]. We recently 
demonstrated use of a solid superacid sulfated zirconia (SZ) as a replacement for H-ZSM-5 
and doped Mo on this support to create a Mo/SZ catalysts [15]. These catalysts showed 
comparable conversion and selectivity to that of Mo/H-ZSM-5. However, coking was also 
evident on these type of catalysts, which is attributed to the strong acidity from SZ.  Various 
approaches have been proposed to minimize coke formation [29, 37, 61, 62, 67]. These include 
addition of promoters [37], addition of co-reactants [62],  and introducing mesoporosity [67]. 
Pt, Pd, W, Cr and other promoters have been used with HZSM-5 catalyst to limit coking[68] 
as well as to increase benzene selectivity[69-73]. Cr was found to be an active promoter for 
ZSM-5 for selectivity to BTX products for catalytic cracking reactions[74], which are acid-
catalyzed. A recent study also claims that the addition of chromium increases the selectivity to 
aromatics for both the industrially produced zeolites and the zeolites synthesized under 
laboratorial conditions[74]. Another research group found out that higher methane conversion 
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was obtained over Mo-Cr/HZSM-5 catalyst than that of Mo/HZSM-5 due it an increase of total 
acidity after Cr addition found from ammonia-TPD[69]. This indicates that the additional 
acidity provided by Cr into the ZSM-5 lattice may increase BTX yield.  
Here, Cr is added as a promoter for Mo on sulfated zirconia. The hypothesis is that the addition 
of Cr into Mo/SZ would increase the catalytic activity for MDHA. To the best of our 
knowledge, no study has shown methane dehydroaromatization on Cr promoted Mo/SZ 
catalyst. The present work investigates MDHA study on these catalysts with the effect of Cr 
loading in Mo/SZ at reaction conditions of interest. For this purpose, 0.12 and 0.5 wt. % of Cr 
was added into 5 wt. % Mo/SZ along with the unpromoted one for direct comparison. These 
catalysts were characterized using DRIFTS, ammonia TPD, SEM-EDS, ICP-OES, and BET 
before testing them for methane dehydroaromatization. Subsequent temperature programmed 
oxidative analysis was carried out for analysis of the spent catalysts. 
4.2 Experimental Section 
Materials 
Zirconium hydroxide, Zr(OH)4 (97 %), Chromium Nitrate, Cr(NO3)3 , and Ammonium 
molybdate tetrahydrate (NH4)6Mo7O24.4H2O were purchased from Sigma Aldrich Inc. H2SO4 
(95 – 98.0 %) was purchased from Malinckrodt Chemicals Inc. Ultra-high purity grade H2, 
CH4, and 10% O2/He were all purchased from Airgas Inc.  
4.3 Catalyst Synthesis 
The most widely used method for synthesizing Mo-sulfated Zirconia catalyst is 
incipient wetness impregnation method, with ammonium molybdate solution. Chromium 
Nitrate precursor is typically used to add Cr as promoter.  
Literature methods were followed for the preparation of sulfated Zirconia.[7, 52] 35 g of 
Zirconium oxide was mixed with 500 ml of prepared solution of 0.5 M H2SO4. The mixture 
was stirred for 2 hours, followed by vacuum filtration. The retentate was dried at 110ºC 
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overnight and was calcined subsequently at 550ºC-650ºC for 4 hours to receive the final 
sulfated Zirconia (SZ) catalyst. 
The Mo and Cr impregnation were carried out at room temperature. 5 weight percent 
of Mo was added as ammonium molybdate initially to a 10 gm SZ and a 100 ml DI water 
mixture. Different loadings of Cr (0.12 and 0.5 weight %) were later added as Chromium 
Nitrate to the solution to prepare 5 wt. % Mo-SZ catalyst with various loading of Cr added as 
promoter. The mixture was stirred for 2 hours, followed by overnight drying at 110ºC. 
Subsequent calcination was done at temperatures varied from 550ºC to 650ºC in the presence 
of air. The final calcination time can be 3 to 4 hours based on the calcination temperature. The 
powdered catalyst was finally weighed and collected in glass ampule to avoid the atmospheric 
air and moisture exposure.  
4.6 Characterizations 
BET 
Breauner Emmett Teller (BET) surface area analysis was done with the Altamira AMI-
200 catalyst characterization system using N2 monolayer adsorption. Three-point BET using 
10 %, 20 % and 30 % N2 concentrations was done to estimate the surface areas of the catalysts. 
Ammonia-TPD 
Ammonia-TPD was carried out using Altamira AMI-200 reactor system in conjunction 
with Ametek Mass Spectrometer. Typically, 50 mg of catalyst was weighed and loaded in a 
quartz tube reactor. Catalyst was pretreated at 100 °C for 30 min under He flow to clean the 
catalyst surface. After pretreatment, sample was cooled down to 50 °C, and ammonia was 
adsorbed by flowing it through the catalyst bed for 1 hr. Post ammonia adsorption, 25 sccm of 
He was flown for 40 min to remove any physisorbed/residual ammonia. At this time, Mass 
Spectrometer and TCD detector were turned on and the temperature was ramped up at 10 
°C/min. from 50 °C to 500 °C.  
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The TCD signal is usually a combination of signals from various gases that are 
generated or are being flowed in the system. In order to clearly distinguish MS was used to 
track signals for following masses: 4, 16, 17, 18, 27, 32, and 82. Based on the signal from TCD, 
amounts of ammonia desorbed were calculated. 
Pyridine DRIFTS 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) experiment 
using pyridine as a probe molecule was carried out in a Thermo Scientific Nicolet 6700 FTIR 
equipped with Harrick Praying Mantis reaction cell fitted with KBr windows.  
Spectra of all the samples were recorded with a spectral resolution of 4 cm-1 in region 
going from 4000 – 650 cm-1. In a typical experiment, IR cell was loaded with the catalyst 
sample inside the glovebox. Sample was then brought on stream and pretreated at 100 °C for 
30 min under He flow to clean the surface of the catalyst off of adsorbed impurities.  
After pretreatment, sample was cooled down to 25 °C and a background spectrum was 
recorded. At this temperature, catalyst was saturated with pyridine vapors for 180 min. 
Saturated sample was then treated under He flow for 30 min. to remove physisorbed pyridine 
from the catalyst surface and from the cell chamber. Sample was then treated at 100ºC for 10 
min and cooled back to room temperature and the actual spectrum was recorded. Similar 
spectra were recorded at room temperature after 10 min. Treatments were done at 150 °C, 200 
°C, and 300 °C to check the thermal stability of the acid sites on catalysts.  
SEM-EDS 
SEM EDS analysis of the samples was done at Louisiana State University Shared 
Instrument Facility (SIF), using FEI quanta 3D FIB/SEM equipped with Ametek EDAX 






Inductively coupled plasma – optical emission spectroscopy (ICP-OES) was carried out 
using Varian-MPX spectrophotometer in Wetland Biogeochemical Lab at LSU Oceanography.  
The digestions of samples were carried out using a mixture of borate flux: Lithium Tetraborate 
(49.75 wt%), Lithium Metaborate (49.75 wt%), and Lithium Iodide (0.5 wt%). In a typical 
procedure, 0.2 g of catalyst sample was mixed with 2 g of borate flux mixture. This mixture 
was fused in a furnace at 1000⁰C and subsequently dissolved in a warm 10% HNO3 solution 
before performing ICP-OES elemental analysis. 
4.7 Activation of Catalyst for MDHA 
For aromatization of methane, two separate active sites of a bifunctional catalyst have 
been reported [27, 37, 89]. According to the literature, the first site, which is the active 
molybdenum carbide or oxycarbide species, is responsible for the activation of methane to 
C2Hy dimers. The later site contains the acidity to oligomerize the dimers towards the formation 
of aromatics. The active Mo carbide/oxycarbide sites are generated in situ during the 
pretreatment stage of the DHA reaction, as methane is introduced along with hydrogen. The 
catalyst was loaded in an Altamira AMI 200HP reactor system equipped with quartz tube 
reactor. Reaction procedure has been explained in a previous work done by the authors[15]. In 
brief, MoOx was reduced first with dry hydrogen gas at a ramp rate of 10K/min till the reaction 
temperature of 700ºC was reached. After the reaction temperature was reached, a CH4:H2 gas 
flow ratio of 1:4 was introduced which led to carburization of the molybdenum oxide species. 
This mixture of flow was maintained for 4 hours to initiate the formation of molybdenum 
carbide/oxycarbide species. This was followed by turning off H2 and CH4 gas and purging the 
system with inert gas. CH4 flow was reintroduced afterwards to carry out DHA reaction. 
Downstream reaction product gas was analyzed using Shimadzu GC2014 (FID, 2 TCDs) 
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equipped with Restek RT-Q-Bond column (30 m x 0.53 mm x 20 µm) in conjunction with 
Shimadzu QP2010 GC-MS system. Following formulas were used for the activity calculation.  
% CH4 conversion = 
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝐶𝐻4𝑖𝑛− 𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝐶𝐻4𝑜𝑢𝑡
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝐶𝐻4𝑖𝑛
 x 100 
Selectivity was calculated based on products observed. Carbon deposition was 
excluded from this calculation as the coke formed at any instant of the reaction was not 
measured. Another reason for the exclusion was because the rate of coke formation differs over 
a period and so will not be discussed in this work. 
% selectivity = 
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑥 100 
4.8 Results and Discussion 
Physico-chemical properties of the catalyst 
For sulfated zirconia (SZ), surface area (SSA) of 50-100 m2/g has been reported in the 
literature.[165] BET measurements were carried out for SZ and a surface area of 84 m2/g was 
observed. After metal loading the SSA is seen to decrease and decreases further with 5% Mo 
and increasing Cr loading from 0.12 to 0.5 wt%. For both metals, samples with the highest 
loadings have the lowest micropore surface areas. This suggests that Mo and Cr metals are 
located in the micropores of the SZ which leads to pore blocking[52]. 
Elemental analysis was done to detect the actual amount of loadings that are available 
after metal loading. SEM-EDS and ICP techniques were used to determine the amount of active 
metal in the prepared catalysts. Both the techniques show results that represent significant ly 
lesser amount of metals available compared to the amount of loading that was introduced 
initially by incipient wetness impregnation.  
For both SEM-EDS and ICP, it is possible that the metals were unable to permeate 












Mo loading (wt. %) 
 
Cr loading (wt. %) 
    ICP-OES SEM-
EDS 
ICP-OES SEM-EDS 
SZ 84 - - - - 
5%Mo-SZ 76 3.9 4.5 0 0 
5%Mo0.12%Cr-
SZ 
77 3.8 4.2 0.09 0.10 
5%Mo0.5%Cr-
SZ 
72 3.6 4.1 0.42 0.40 
 
Pyridine DRIFTS  
FT-IR DRIFTS shows the acid sites available in the catalysts before and after the 
loading of metals. Pyridine, a weak base, was used to probe the strong acid sites of the catalysts. 
The vibration bands corresponding to the absorbed pyridine sites are detected as either 
Brønsted or Lewis acid sites or both.  
Sulfated zirconia showed both Brønsted and Lewis acid sites (Figure 4.2), confirmed 
by characteristic vibration bands from adsorbed pyridine that was present in all the samples. 
Vibrations at around 1445 cm-1 and 1610 cm-1 represent Lewis acid sites, whereas vibrations 
at around 1545 cm-1 and 1645 cm-1 represent Brønsted acid sites.[134] Vibrations at around 
1495 cm-1 represents sites that contain both Lewis and Brønsted acidity [134, 135].  
All these characteristic bands were found in the base sulfated zirconia and in the metal loaded 




Figure 4.2. Pyridine-DRIFTS comparison data for sulfated zirconia and Mo-SZ catalysts. 
Samples were desorbed in pyridine at 1000C. (a) sulfated zirconia (SZ) (b) 5% Mo-SZ (c) 5% 
Mo 0.12% Cr SZ (d) 5% Mo 0.5% Cr SZ;  B- BrØnsted, L= Lewis 
A slightly negative shift was observed at around 1545 cm-1 in the Brønsted acid site 
region with the loading of both Mo and Cr, attributed to the Lewis acidic MoOx and Cr2O3 
species which may have replaced some existing Brønsted acid sites of sulfated zirconia during 
calcination[136].  
Each catalyst was tested up to 200ºC to study the stability of acid sites after loading the 
metal oxides. Even at an elevated temperature the catalysts showed stability of both Lewis and 
Bronsted available acid sites.  
NH3-TPD 
Ammonia TPD technique was used to compare the acidity of the Cr promoted Mo-SZ 
catalysts. Because of the decomposition of surface sulfates at temperatures above ~630⁰C, 
release of sulfur is observed in gaseous form (mostly sulfur oxides-observed from mass spec 
signals) at those high temperatures[7, 16].  
The un-modified SZ has the greatest acidity, as measured by total TPD area. The total 
acidity decreases with an increase in metal loading for both Mo and Cr modified samples. It is 
possible that metal particles block the micropores of the SZ, restricting access to stronger acid 
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sites[166]. Addition of Cr did not have significant effect in total acidity, unlike Mo. This may 
be because Cr has a large particle size and less dispersion[74], which may limit interactions 
with strong Brønsted acid sites. 
Table 4.2. Amount of NH3 desorbed/consumed per gram of catalyst 
Catalyst Total micromoles of NH3 desorbed/ 
consumed per gram catalyst 
SZ 2284.5 





Promotional effect of Cr addition 
This section explains the activity and selectivity of 5% Mo-SZ catalysts after 0, 0.12, and 0.5wt 
% of Cr was incorporated for MDHA at 700⁰C with a space velocity of 600 h-1.  
Conversion  
Comparative runs for the Cr-promoted catalysts show that 5% Mo-0.5% Cr-SZ is the 
most active catalyst, as measured by initial methane conversion (~15%), with initial 
conversions of ~12% for 5% Mo-SZ and 5% Mo-0.12% Cr-SZ.  (Figure 4.3). Methane 
conversion decreased rapidly with time for all runs and was stable after 850 mins on stream.  
It is suggested in the literature [69, 74] that when Cr is added as a promoter for acidic catalysts, 
i.e., HZSM-5, it acts as an H- acceptor, similar to the function of the Brønsted acid support. In 
this case, Cr is believed to increase the acidic sulfated zirconia by providing more acid sites for 
aromatization to take place in a similar way, which can eventually increase the net 





Primary products in MDHA runs include ethylene, ethane, propylene, propane, and 
aromatics including benzene, toluene, and ethylbenzene, along with hydrogen. Ethylene 
selectivity (Figure 4.4) decreased with the addition of Cr content (0> 0.12> 0.5 wt. %). In case 
of benzene formation, the phenomena were direct opposite, as 0.5 wt. % of Cr addition led to 
the greatest amount of benzene production (~55% selectivity). Benzene selectivity (Figure 4.5) 
decreased rapidly with time, due to catalytic deactivation. 
 
Figure 4.3. Reaction data of different loadings of Cr promoted Mo-SZ catalysts for conversion 
of methane (700⁰C, 1 atm, 600 ml/gcat-hr) 
This indicates that the addition of Cr at an optimum level of 0.5 wt. % suppresses the 
formation of ethylene. This leads the C2Hy dimers produce more of benzene, the target product 
of methane dehydroaromatization. 
This supports the hypothesis that Cr actually enhances the oligomerization of C2Hy 
dimers by providing more acid sites, thus promoting the total acidity of Mo-SZ catalyst. After 
~550 mins benzene selectivity becomes similar for all three catalysts. This can be attributed to 





Figure 4.4. Reaction data of different loadings of Cr promoted Mo-SZ catalysts for Ethylene 
selectivity (700⁰C, 1 atm, 600 ml/gcat-hr) 
 
Figure 4.5. Reaction data of different loadings of Cr promoted Mo-SZ catalysts for benzene 
selectivity (700⁰C, 1 atm, 600 ml/gcat-hr) 
Deactivation  
Catalytic deactivation was significant for all the prepared samples, and after 650 min, 
methane conversion was stable at ~2-4%. The primary reason is the formation of coke, as 
shown below by TPO. A secondary reason was also found to be inevitable in these catalysts--
the loss of 
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sulfate groups from the surface of sulfated zirconia at high temperature [46, 135]. During the 
NH3-TPD of the fresh catalysts, oxide compound decomposition was detected in the mass spec 
signal, which can only be attributed to sulfur oxides, because zirconia is a very stable 
compound (melting point of 2715ºC). Srinivasan et al.[143]reported from TGA analysis that 
decomposition of O2 from the ZrO2 structure is highly unlikely, leaving oxygen decomposition 
from SO4-2 to be the only possible explanation.  
Effect of temperature  
MDHA reaction was run for three different temperature (600ºC, 650ºC and 700ºC) 
using 0.5% Cr promoted 5% Mo-SZ catalyst while keeping other reaction parameters constant. 
0.5% Cr-promoted catalyst was chosen because of it is the most active. 
 
Figure 4.6. Reaction data for methane conversion of MDHA over 5%Mo0.5%Cr-SZ catalyst 
(600⁰C-700⁰C, 1 atm, 600 ml/gcat-hr)  
Initial methane conversion increased with higher temperature as expected (Figure 4.6). 
A maximum of 13.5% conversion of methane was observed at 700ᵒC, which includes carbon 
formation on catalyst bed. Conversion decreased with time at all three temperatures, reaching 
a near-steady state conversion of 3%-5%.   
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Ethylene and benzene were the main products observed while studying the temperature 
effect. For all three temperatures, ethylene selectivity increased with time (Figure 4.7). 
Ethylene selectivity was the highest for 700ºC run, followed by 650ºC and 600ºC runs. This 
may be attributed to a higher stabilization of Mo carbide/oxycarbide active sites in presence of 
Cr, which are responsible for the production of C2 dimers. The results also show that for 
temperature runs of 650⁰C and 700⁰C, the ethylene selectivity approached a common steady 
state value of ~45% at 680 min. As for 600⁰C, no steady state was observed for ethylene 
selectivity for the first 900 mins run, indicating that Mo carbides form in a comparatively 
slower rate for lower temperature runs. 
 
Figure 4.7: Reaction data for ethylene selectivity of MDHA over 5%Mo0.5%Cr-SZ catalyst 
(600⁰C-700⁰C, 1 atm, 600 ml/gcat-hr) 
Benzene selectivity decreased rapidly with time for 700⁰C, compared to the runs for 
600⁰C and 650⁰C (Figure 4.8). Benzene selectivity as high as 52% was observed for all three 
runs, and then decreased due to catalytic deactivation. Deactivation may be due to both coke 
and the loss of sulfate sites form SZ surface at a temperature higher than 630ᵒC-650ᵒC[46].  
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The loss of sulfate sites corresponds to a loss of acid sites appear to be responsible for 
the formation of the C2Hy dimers that are generated by the available Mo carbide/oxycarbide 
species. 
 
Figure 4.8: Reaction data for benzene selectivity of MDHA over 5%Mo0.5%Cr-SZ catalyst 
(600⁰C-700⁰C, 1 atm, 600 ml/gcat-hr) 
Characterization of spent catalyst 
Temperature programmed oxidation was used to study the quantity of deposited carbon 
and the reactivity towards oxygen for Cr-promoted Mo-SZ catalysts. Each catalyst went 
through 16-hr run and at 700⁰C before the spent catalysts were collected for TPO analysis. 
In Figure 4.9 TPO results are shown for all three catalysts.   
Based on TPO oxidation temperature, the deposited carbon on the spent catalysts can 
be classified into two categories- it can be either amorphous, having a peak position at 400⁰C, 
or polymeric carbon from aromatics formation, having a peak position at around 550-
650⁰C[144], or both. Figure. 8 shows that the carbon formed in these tests here can be 
characterized as polymeric on all three catalysts. The sharp TPO peaks at polymeric carbon 




Figure 4.9: TPO data for Cr promoted Mo-SZ spent catalysts, 15 sccm O2/He, 100 mg catalyst 
Significant amount of carbon was observed for all the catalysts after ~950 mins on 
stream. Table 4.3 shows the amount of carbon being deposited for each catalyst. Carbon 
deposition increased with the addition of up to 0.5% loading of Cr. More carbon deposition 
indicates more active catalyst for MDHA, in this case the most active 0.5% Cr promoted Mo-
SZ catalyst.  
Table 4.3: Quantification of carbon using TPO (after ~950 minutes on stream) 
Catalyst Amount of coke deposited 
(mmol/gcat) 
5% Mo-SZ 5.83 
5% Mo 0.12% Cr-SZ 7.29 
5% Mo 0.5% Cr-SZ 11.49 
4.9 Conclusion 
Methane dehydroaromatization (MDHA) was studied using 0, 0.12 and 0.5 wt. % Cr 
promoted 5% Mo-SZ catalysts. The objective is to synthesize and characterize Mo-SZ based 
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catalyst for MDHA that contains both the required acid and metal sites, and use Cr as a 
secondary metal to promote the catalytic activity and product selectivity.  
SEM-EDS and ICP-OES analysis confirmed the actual loading of Mo and Cr.  BET 
surface area measurements indicated that Mo and Cr are well-dispersed in the SZ bed. Pyridine 
DRIFTS and NH3-TPD results suggest that the addition of Mo oxides to SZ decreased the 
Brønsted acidic intensity of the catalyst, thus decreasing the total number of available acid 
sites. This is possibly due to interaction between sulfate and metals.  
MDHA reaction results show that the 0.5% Cr promoted 5% Mo-SZ is the most active: 
initial methane conversion was 13.5% on 5% Mo 0.5%Cr-SZ versus 10 % on 5%Mo-SZ at 
identical reaction conditions. Further tests were carried out on the 0.5% Cr promoted 5% Mo-
SH catalyst at a range of 600ᵒC-700ᵒC. Methane conversion was greater at 700ᵒC, but a rapid 
decrease in benzene selectivity at 700ᵒC indicates a loss of sulfur sites at elevated temperature. 
TPO results showed that deactivation of this catalyst is primarily due to the formation of 
polymeric carbon, which is mostly generated from aromatics. Highest carbon deposition was 
observed for 5% Mo 0.5% Cr-SZ catalyst, which is expected as the most active catalyst. 
Even though the carbon deposition was not reduced with the addition of Cr, but 
enhancement of acidity for SZ was confirmed by observing higher benzene selectivity. 
Catalytic stability was also observed for a higher loading of Cr, observed from methane 
conversion. This shows the addition of promoters influence the physico-chemical properties of 
these acid catalysts. Further studies are necessary to mitigate the deactivation of the catalyst by 






Chapter 5. Methane Dehydroaromatization using Mo Supported on 
Sulfated Zirconia Catalyst: Effect of Promoters 
5.1 Introduction 
Recent advances in shale gas production in the United States has opened up 
opportunities for researchers to focus on conversion of natural gas to value added chemicals. 
According to a recent report published by the U.S. Energy Information Administration, U.S. 
natural gas production has set a record in 2017. During the last seven years alone, U.S. natural 
gas production has reached from 74 to 91 billion cubic feet per day[67]. One of the primary 
reasons for considering natural gas over fossil fuels such as coal and oil is because natural gas 
is regarded as a cleaner and more efficient energy source[123]. Primary use of natural gas are 
power generation and heating, rather than as a hydrocarbon feedstock. Major component of 
natural gas is methane (~49%-84%), having highly stable C-H bonds. Activation of methane 
requires fairly high temperatures, which is the major challenge for conversion of methane to 
higher-value products. 
Methane conversion process can be categorized into direct and indirect reaction 
routes[27]. The difference between these is that for the indirect process, an intermediate 
product such as syngas is used, which is energy intensive. Direct conversion is advantageous 
because it eliminates the intermediate step, while greatly reducing energy requirements and 
capital investment[63]. One of the most promising and widely researched routes for direct 
conversion is methane dehydroaromatization, which converts methane at high temperature 
(700⁰C-1000⁰C) to benzene and hydrogen.  
𝟔 𝑪𝑯𝟒 ↔ 𝑪𝟔𝑯𝟔(𝒈) + 𝟗 𝑯𝟐 ↑   (ΔG298K = +433 kJ/mol, ΔH298K = +530 kJ/mol)  (1) 
__________ 
This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, 
Srikar Bhattar, James Spivey, “Methane Dehydroaromatization using Mo Supported on 
Sulfated Zirconia catalyst: Effect of Promoters,” Catalysis Today 365(2021):71-79. Reprinted 
by permission of Elsevier. 
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But at these high temperatures, thermodynamics favors towards the formation of 
coke[29, 32]. To overcome this barrier, a catalytic approach is necessary to selectively form 
benzene instead of coke. This is one of the most challenging aspects of modern-day catalysis 
and C1 chemistry. 
Activation of methane to aromatic hydrocarbons was first reported by Orό and Han in 
1966[33], where they demonstrated the use of silica gel as an active catalyst. Wang et al [34] 
discovered in 1993 that methane can be directly converted into aromatics under non-oxidative 
conditions at reaction temperature of 700⁰C and above over metal doped HZSM-5 solid acid 
catalysts. The most relevant catalysts are bifunctional zeolites with metals like Mo, W, Fe, Zn, 
Cu, Re, V, Cr, Ga doped in these [27, 35, 36]. HZSM-5 or HMCM-22 are preferred as supports 
over other zeolites because of their unique properties like shape selectivity, uniform pore 
channels, active metal sites confinement as well as intrinsic acidity[37, 38]. Greatest catalytic 
activity was observed for Mo doped HZSM-5 catalyst, with high benzene selectivity[37]. These 
catalysts are regarded as bifunctional because of the availability of two sites to activate methane 
and make benzene. 
These reactions are known as solid acid catalyzed reactions, where the solid acids 
activate the basic reactant molecules. At some cases the catalyst can be regenerated as acids 
for consecutive reaction cycles[41].  
MDHA must be carried at an elevated temperature using thermally stable solid acids 
such as sulfated zirconia (SZ), sulfated hafnia (SH), tungstated zirconia (WZ) which are highly 
acidic and have high surface areas [42, 89]. These catalysts possess strong Bronsted acid (BA) 
sites[45] that are a key role in the oligomerization of dimeric species.  Among the sulfated 
oxide based super acids, sulfated ZrO2 has been most frequently investigated, modified, and 
applied to various reaction systems[1, 16, 28, 46], because of their strong acid sites, ease of 
preparation, and commercial availability. 
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Molybdenum-based catalysts are generally used in various reaction systems because of 
the unique molecular structures as well as oxidation states possessed by Mo [49-51]. Its 
interaction with acidic support materials has made Mo an important active metal in 
heterogeneous catalysis. Mo doped on solid acids has been reported in the literature for 
reactions such as alkane hydroconversion, isomerization and MDHA [52] . One of most unique 
properties of Mo is in the formation of carbides through the addition of carbon into its lattice 
structure. In excited state the outer d band of Mo has electron vacancy, which is filled by the 
valence electron of carbon. This metallic band of Mo produces a density of states at the Fermi 
level which resembles the electronic configuration of a noble metal[53]. This enables such state 
of Mo to be use in a wider range of reaction systems, i.e., methane dehydroaromatization 
(MDHA)[50], oligomerization[54], dehydrogenation[55], isomerization[52], methane 
oxidation[37], synthesis of alcohol[36], water-gas shift reaction [52] etc. 
The discovery of Mo/H-ZSM-5 for MDA led to several researchers initially believed 
that MoO3 crystallites alone were the active sites for methane activation[60]. It was later found 
that molybdenum species and the adjacent Brønsted acid sites of H-ZSM-5 zeolite are the active 
components of such catalyst[37]. This bifunctional behavior of Mo-HZSM-5 led us to design 
a similar catalyst where Mo, in its reduced carbide/ oxycarbide form, could activate methane 
to C2Hy dimers, which are then oligomerized on the acid sites such as sulfated zirconia [7], 
producing benzene. 
Previously sulfated zirconia-based Mo catalyst was synthesized and found active for 
methane dehydroaromatization along with high benzene selectivity at certain reaction 
conditions[15]. The catalysts deactivated steadily, attributable to strong coking on the surface, 
as confirmed with TPO. A comparison with literature showed that Mo/SZ has comparable 
activity to Mo/HZSM5 at around 650oC - 675oC temperature range. To address the phenomena 
of coking as well as to increase benzene selectivity, addition of promoters like Pt, Pd, Ru, Cr, 
68 
 
Sn, W, Mn etc. in Mo/HZSM-5 were found in the literature. Cr was found to be a promoter for 
ZSM-5 for selectivity to BTX products for catalytic cracking reactions[69, 75]. A previous 
study also claims that the promotion with chromium increases the selectivity to aromatics for 
both the industrially produced zeolites and the zeolites synthesized under laboratorial 
conditions[69]. The presence of a noble metals like Pt, Pd, Ru favored the formation of 
aromatic compounds and suppressed the formation of coke[17, 76]. Platinum promoted 
Mo/HZSM-5 showed higher resistance to carbon deposition than the unpromoted one. Studies 
found that the addition of Ru and Pd as promoters increased selectivity towards benzene 
compared to the unpromoted catalysts. Ru promoter proved to be superior, with a higher 
methane conversion than found for platinum-promoted and palladium-promoted Mo/H-ZSM-
5 catalysts[77, 78]. Addition of Sn decreased the activity towards methane aromatization, 
however, the formation of BTEX compounds was favored[50]. High catalytic activities were 
obtained for the Mn-promoted ZSM-5 catalysts prepared from Mn(NO3)2 and MnCl2 salts. 
However, the product distribution was significantly different, with the Mn(NO3)2 catalyst being 
more selective towards aromatic compounds while the MnCl2 catalyst was more selective 
toward coke[38, 79]. Tungsten modified catalysts favored the formation of coke over aromatic 
compounds[38].  
Previous work by the authors showed Mo/SZ to be active for methane 
aromatization[15].  Products observed were ethylene, ethane and benzene. Primary reason for 
catalytic deactivation was carbon deposition along with loss of sulfur site at reaction 
temperature. To address the challenge of coke minimization and improving the target product 
selectivity, our current study has identified potential metal promoters that could be used 
for DHA of methane over Mo supported SZ (Mo/SZ) catalysts. For this purpose, SZ catalyst 
with 5% Mo loading was promoted with 0.5% of Pt, Pd, W and Cr. Pt and Pd are well-known 
high temperature noble metals active for hydrogen abstraction, which can minimize Mo/SZ 
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coke deposition, while Cr, W is known for stability and increases acidity. To the best of our 
knowledge, no study has shown methane dehydroaromatization on Pt, Pd, W or Cr promoted 
Mo/SZ catalyst. The present work investigates MDHA study on these promoted catalysts at 
reaction conditions of interest. These catalysts were characterized using Raman, DRIFTS, 
ammonia TPD, SEM-EDS, BET before testing them for methane dehydroaromatization. 
Afterwards, subsequent temperature programmed oxidative analysis was carried out for 
analysis of carbon deposition.  
5.2 Proposed Mechanism 
 
Figure 5.1. Graphical abstract of the promotional effect of Mo/SZ catalysts on MDHA 
5.3 Catalyst Preparation 
Materials 
Zirconium hydroxide, Zr(OH)4 (97 %), Chromium Nitrate Cr(NO3)3, Ammonium 
hexachloroplatinate (NH4)2PtCl6 , Ammonium tetrachloropalladate (NH4)2PdCl4, Ammonium 
metatungstate hydrate (NH4)6H2W12O40·xH2O and Ammonium molybdate tetrahydrate 
(NH4)6Mo7O24.4H2O were purchased from Sigma Aldrich Inc. H2SO4 (95 – 98.0 %) was 
purchased from Malinckrodt Chemicals Inc.  
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Ultra-high purity grade high pressured H2, CH4, and 10% O2/He gases were all 
purchased from Airgas Inc.  
Synthesis  
The most widely used method for synthesizing Mo-sulfated Zirconia catalyst is 
incipient wetness impregnation method, with ammonium molybdate solution. Metal precursor 
for each promoter was added subsequently to make the promoted catalysts. 
Literature methods were followed for the preparation of sulfated Zirconia.[7, 52] 35 g 
of Zirconium oxide was mixed with 500 ml of prepared solution of 0.5 M H2SO4. The mixture 
was stirred for 2 hours, followed by vacuum filtration. The retentate was dried at 110ºC 
overnight and was calcined subsequently at 550ºC-650ºC for 4 hours to receive the final 
sulfated Zirconia (SZ) catalyst. 
A total of five different promoted catalysts were synthesized, including an unpromoted 
Mo/SZ for the purpose of comparison. Mo impregnation was carried out at room temperature, 
followed by impregnation of the promoter metals.  
To make the unpromoted catalyst, 5 weight percent of Mo was added as ammonium 
molybdate initially to a 10 gm SZ and a 100 ml DI water mixture. The mixture was stirred for 
2 hours, followed by overnight drying at 110ºC. Subsequent calcination was done at 
temperatures at 550ºC under air.  
For the promoted version, 0.5 weight percent of Pt, Pd, Cr and W were later added as 
precursors to the Mo/SZ solution. The mixture was again stirred for 2 hours, followed by 
overnight drying at 110ºC, with subsequent calcination at 550ºC in presence of air. The final 
calcination time can be 3 to 4 hours based on the calcination temperature. The powdered 
catalysts were finally weighed and collected in glass ampule to avoid the atmospheric air and 




5.4 Characterization Techniques  
BET 
Altamira AMI-200 catalyst characterization system was used for Brunauer Emmett 
Teller (BET) surface area analysis with N2 monolayer adsorption. A three-point BET was used 
with 10 %, 20 % and 30 % N2 concentrations in Helium for estimation of the catalytic surface 
areas. 
Raman Spectroscopy 
Raman spectra of spent catalysts will be carried out using Thermo Scientific DXR 
Smart Raman equipped with Inphotonics fiber probe (5 mm focal length) and with a 532 nm 
wavelength laser. Samples will be evaluated ex-situ by pointing the fiber probe at the sample 
such that the focal point of laser is well inside the sample layer to get good spectra. Collected 
Raman spectra will be analyzed using Omnic software for the DXR Smart Raman.   
Ammonia-TPD 
Altamira AMI-200 reactor system in conjunction with Ametek Mass Spectrometer was 
used to run Ammonia-TPD. 50 mg of the prepared catalyst was loaded on a quartz tube reactor, 
followed by pretreatment. Temperature was ramped up to 200 °C under 30 sccm of He for 30 
min to get rid of moisture and any weakly adsorbed particles. Sample was then cooled down to 
50°C under He, before introducing 40 sccm of 5% NH3/He to start NH3 adsorption process for 
90 mins. 30 sccm of He was flown for 40 min to remove any residual ammonia. TCD detector 
was later turned on and the temperature was ramped up at 10 °C/min. from 50 °C to 650 °C.  
Based on the signal from TCD, amounts of ammonia desorbed and peak positions were 
calculated to quantify the corresponding acid sites available on the catalyst. 
Pyridine DRIFTS 
Pyridine was used as a probe molecule in Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) experiment. A Thermo Scientific Nicolet 6700 FTIR 
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equipped with Harrick Praying Mantis reaction cell fitted with KBr windows was used to carry 
out the experiment.  
IR cell was loaded with the catalyst sample inside the glovebox to avoid air and 
moisture exposure. Helium was introduced in the cell, followed by pretreatment at 100 °C for 
30 min to clean the surface from adsorbed impurities. Sample was cooled down to 25 °C after 
pretreatment and a background spectrum was recorded with a spectral resolution of 4 cm-1 in 
region going from 4000 – 650 cm-1. Catalyst was saturated with gaseous pyridine for 180 min 
at 25 °C. ‘He’ was later introduced again in the post saturation step to remove physisorbed 
pyridine from the catalyst surface as well as the cell chamber. Sample was then treated at 100ºC 
for 10 min and cooled back to room temperature and the actual spectrum was recorded. Similar  
spectra were recorded at room temperature after 10 min. treatments were done at 150 °C, 200 
°C, and 300 °C to investigate the thermal stability of the acid sites on catalysts.  
XPS 
X-ray Photoelectron Spectroscopy for the samples was performed at Louisiana State 
University Shared Instrument Facility (SIF). All the analyses were performed on Scienta 
Omicron ESCA 2SR XPS instrument with Al monochromatic X-ray source at 15 kV and at a 
pass energy of 40. Post analysis of XPS data was performed using CasaXPS software. 
XANES 
LIII edge X-ray Absorption Near Edge Structure (XANES) spectra of Mo supported on 
SZ were collected at the Low Energy X-Ray Absorption Spectroscopy (Lexas) beamline of J. 
Bennett Johnston, Sr., Center for Advanced Microstructures and Devices (CAMD), Louisiana 
State University, Baton Rouge, Louisiana. CAMD operates an electron storage ring at 1.3 GeV, 
with a typical ring current of 100 mA to 50 mA. Lexas is a windowless beamline, with only a 
13 µm Kapton™ tape separating the ring from the beamline. The University of Bonn designed 
double crystal monochromator uses InSb (111) crystals in this energy range, has a resolution 
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of ca. 0.5 eV. The monochromator was calibrated to 2481.44 eV with the peak of zinc sulfate 
white line. Samples were prepared by spreading the finely-ground powder on silicon and sulfur 
free Kapton™ tape. For Mo L III edge measurement, the sample chamber was evacuated to 35 
Torr for data collection of catalytic samples at fluorescence mode. 55 Torr was maintained for 
Mo standards, where the data was collected in transmission mode. The parameters for the scans 
were from 2515 eV to 2515 eV with 0.1 eV steps and from 2515 eV to 2550 eV with 0.2 eV 
steps. Multiple spectra were averaged for better signal to noise ratio. Mo standards used in the 
analysis were: MoO3 (99.9% metals basis, Alfa Aesar) and Mo2C (99.9% metals basis, Alfa 
Aesar). 
XRD  
XRD measurements for all the samples was carried out using PANAnalytical 
EMPYREAN diffractometer with Cu Kα radiation. Sample was collected by scanning the data 
from 5o to 90o with a step size of 0.026 sec/pt.  Data analysis of XRD of all samples was done 
using PANAnalytical X’Pert software.   
5.5 Experimental Procedure 
The promotional effect of Mo supported on sulfated zirconia (SZ) catalysts will be 
observed for 21 cycles on stream using Altamira reactor system under adequate reaction 
conditions (600-700⁰C, atmospheric pressure) designed for MDHA experiments. The catalysts 
will be loaded in an Altamira AMI 200HP reactor system equipped with quartz tube reactor. In 
situ catalytic pretreatment will be initiated by reducing the promoted MoOx/SZ catalyst under 
dry hydrogen gas at a ramp rate of 10K/min till the reaction temperature is reached. Afterwards, 
a CH4:H2 gas flow ratio of 1:4 will be introduced and maintained for 4 hours to initiate the 
transformation of molybdenum oxides to carbide/oxycarbide species. H2 and CH4 gas will be 
turned off and the system will be purged with inert gas. CH4 flow will be reintroduced later to 
carry out DHA reaction.  
74 
 
Downstream reaction product gas will be analyzed using Shimadzu GC2014 (FID, 2 
TCDs) equipped with Restek RT-Q-Bond column (30 m x 0.53 mm x 20 µm) in conjunction 
with Shimadzu QP2010 GC-MS system. 
Following formulas were used for the activity calculation. 
% CH4 conversion = 
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛− 𝑚𝑜𝑙 𝐶𝐻4𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛
 x 100 
Product yield will be calculated based on the products observed times the % conversion 
of methane. Carbon deposition is excluded from this calculation as the coke formed at any 
instant of the reaction is not measured. Another reason for the exclusion is because the rate of 
coke formation differs over a period and will not be discussed in this work. 
% yield = 
𝑚𝑜𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
𝑥 𝑚𝑒𝑡ℎ𝑎𝑛𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑥 100 
5.6 Results and Discussion 
Physico-chemical properties 
The physico-chemical properties of the promoted sulfated zirconia catalysts are shown 
in Table 5.1. 
Table 5.1. Physico-chemical properties of Mo-SH catalysts 
 
Catalyst 
Mo wt.% Promoter wt.% BET 
surface area 
(m2/g) 
intended SEM-EDS intended SEM-EDS 
SZ           -           -  - -          84 
5% Mo-SZ           5 4.5              - -          76 
5% Mo-0.5 %Pt-SZ           5 5.3 0.5          0.7          79 
5% Mo-0.5%Pd-SZ           5 3.9 0.5          0.4          68 
5% Mo-0.5%Cr-SZ           5 4.1 0.5          0.4          72 
5% Mo-0.5%W-SZ 5 3.8 0.5 0.6 74 
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Baseline zirconium oxide is reported to have surface area of 50-100 m2/g[15, 16, 48]. 
BET analysis on the fresh sulfated zirconia was found to be 84 m2/g, which is well within the 
expected surface area. Addition of Mo to SZ decreases the surface area only slightly, suggesting 
that Mo oxide is well dispersed in the catalyst and is essentially a monolayer structure[132]. 
SEM-EDX analysis shows that the metal contents are close to the intended loadings.  
Characterization of catalysts 
Raman 
Raman spectroscopy is a surface technique mainly used to detect non-IR bond 
vibrations for the analysis of inorganic compounds. In this work Raman spectra is used to 
analyze the existing bond vibrations of Mo doped sulfated zirconia before and after the loading 
of promoters. Figure 5.2 shows the Raman spectra of the promoted and unpromoted Mo/SZ.  
The bands observed at ~270 cm-1, ~320 cm-1, ~460 cm-1, ~650 cm-1 and ~1025 cm-1 are 
signature bands for sulfated zirconia[167]. The bands below 700 cm-1 represent tetragonal ZrO2 
vibrations[52].  
The band at ~1025 cm-1 represents vibrations from sulfate groups on ZrO2 surface[16]. 
Introduction of Mo into catalyst generates two distinct new bands at around ~820 cm-1 and 970 
cm-1 Raman shifts. These bands are attributed to Mo-O-Mo and Mo=O vibrations 
respectively[52], confirming the loading of Mo on surface of sulfated zirconia.  
Additional of promoters has very little effect in the Raman spectra, yet it is a notable that both 
bands mentioned earlier that correspond to Mo-O vibration appear to have shifted towards the 
higher wavenumbers.   
In Raman spectra, shifting of peaks towards lower or higher wavenumber is related to 
chemical bond length of molecules[167]. If chemical bond length of molecules changes due to 
any internal or external effect, then the wavenumber may shift.  
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This might be an indication of the doping effect of promoters into Mo-SZ catalysts, 
even though the amount of promoter addition is very small for the bonds to appear in the Raman 
spectra. Overall, Raman spectra for all the catalysts were identical in appearance, which 
resembles that the molecular bond formation peaks were similar ever after promoter additions. 
This may be due to very low loading of promoters (~0.5 wt.%) in SZ. 
 
Figure 5.2. Raman spectra of the fresh Mo/SZ catalysts 
DRIFTS 
Pyridine is used as a probe molecule to characterize the BrØnsted and Lewis acid sites 
of the catalyst. Sulfated zirconia as a base is known to have both acid sites available on it’s 
surface. This was observed here as well in the vibration shifts from the adsorbed pyridine at 
bands of 1445, 1610 cm-1 (coordinated pyridine/Lewis sites), and 1540, 1640 cm-1 (protonated 
pyridine/ BrØnsted sites) present in all the samples. Bands at 1490 cm-1 represent pyridine 
adsorbed on both types of acid sites[134, 135].  
A comparative DRIFTS study for SZ catalysts with and without metal oxide addition 




























unchanged irrespective of the metal loading and temperature (Figure 5.3). The sites available 
for SZ was still observed for the metal loaded samples. However, at BrØnsted acid band site 
of 1540 cm-1, a shift towards the lower wavenumbers indicate that the catalyst had lost a certain 
amount of Bronsted acidity due to the addition of metal oxides to the SZ surface, possibly due 
to interaction of metal oxides with the surface hydroxyl groups[52, 59] as well as oxygens of 
SZ.  
 
Figure 5.3. Comparison of SZ and Mo doped SZ catalysts after pyridine desorption at 400 0C 
Ammonia- TPD 
Ammonia was used as a weak acidic probe to quantify the total number of acid sites 
available on the catalyst. Strong acid sites were observed for all the catalytic samples. After 
quantification, the addition of metal oxides compromised the total number of acids sites for 
each catalyst. However, the amount of ammonia adsorbed for each catalyst was different for 
each catalyst, with the unpromoted and Pt promoted Mo/SZ showing the highest amount and 
the W-promoted Mo/SZ catalyst showing the lowest amount of acidity available after loading 
(Table 5.2). This may possibly occur because the higher loading of metals may block the access 
of gaseous molecules to the acid sites. The addition of the promoters had little effect of the 
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NH3-TPD acidity, except for the W-promoted Mo-SZ, which is significantly less than the other 
four promoters. 
Table 5.2. Amount of NH3 desorbed/consumed per gram of catalyst 
Catalyst Total micromoles of NH3 desorbed/ 
consumed per gram catalyst 
Sulfated zirconia 1871.4 
5% Mo-SZ 1264.6 
5% Mo 0.5% Pt-SZ 1225.4 
5% Mo 0.5% Pd-SZ 1189.8 
5% Mo 0.5% Cr-SZ 1290.0 
5% Mo 0.5% W-SZ 725.7 
 
XRD 
XRD pattern of sulfated zirconia has been widely reported in the literature. Preparation 
method of SZ determines the different phases that can be present in SZ. Based on the 
calcination conditions, various phases including monoclinic and tetragonal is observed on SZ 
catalyst. The synthesized catalyst was calcined at 5500C, and tetragonal phases are primarily 
reported to be present at that temperature, with some monoclinic phases available due to 
catalytic impurities[7].  
Figure 5.4 shows XRD spectra for 5 different Mo/SH catalyst samples. SZ catalyst 
sample clearly showed all the characteristic peaks primarily corresponding to the tetragonal 
phase (ICDD PDF # 811544), even with the addition of Mo, although some small features at 
28o and 31o were observed to be present, attributable to monoclinic ZrO2 (ICDD PDF # 37-
1484). This suggests that Mo is well dispersed all over the SZ in amorphous form with no long-
range order. When promoters like Pt, Pd and W was added to the catalyst, the monoclinic 




Figure 5.4. XRD spectra for Mo/SZ catalysts 
Addition of Cr to the Mo/SZ catalyst again brought back the monoclinic phases at 28o 
and 31o. Other than this, no significant difference in all the catalytic samples ensured that there 
was little crystallinity in any of these and the base structure of SZ remained intact with the 
addition of Mo and other promoters.  
XANES 
All five catalysts were characterized with X-Ray Near Edge Spectroscopy (XANES) to 
understand the effect of the promoters during transformation of the active Mo oxide sites. 
Figure 5.5(a) shows the Mo LIII edge for the five fresh SZ catalysts along with the reference 
Mo oxide standard. Fresh catalysts resemble well with the standard Mo oxide sample with the 
two featured split peaks. These two split peaks refer to t2g and eg splitting of 4d orbitals [139] 
and indicates tetrahedral co-ordination. 
When the catalysts were used for the MDHA reaction, Mo oxidation state in the spent 
catalysts was significantly different than the fresh catalysts, as observed in Figure 5.5(b). When 
the spent samples were compared to the Mo carbide standard sample, the split peaks on the 
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fresh samples disappeared with time. It has been reported in the literature that for MDHA 
reactions, transformation of Mo oxide to Mo carbide/oxycarbides[37, 163] is responsible for 
the activity of the catalyst. This phase change is also observed here for all five catalysts.  
   
Figure 5.5. Mo LIII edge XANES spectra for catalysts and reference samples: (a) comparison 
of fresh Mo/SZ catalysts with MoO3 standard, (b) comparison of spent Mo/SZ catalysts with 
Mo2C standard  
Two new distinctive features of the XANES spectra for the spent samples are observed: 
(a) the shift in the absorption energy, and (b) the loss of the t2g split peak as the reaction 
proceeded. The first one indicates a reduction of Mo for all five samples, which has 
resemblance with Mo2C absorption edge having similar energy band[138, 139]. The loss of the 
t2g split peak varied for all the samples, but all of these showed clear loss of the t2g split peak 
which suggest the change of oxidation states for Mo/SZ catalysts from Mo oxide Mo 
carbide/oxycarbide states. XANES spectra for the spent W-promoted differs from the other 
four, in which a complete loss of the t2g split peak suggests a superior transformation of Mo 
oxides to Mo carbides/oxycarbides, which may lead to stronger activity at the Mo sites 




MDHA reaction was run for ~1000 mins for each catalyst. Methane conversion 
decreased with time for the first ~100 mins into the reaction, until it became steady for all five 
catalytic runs. Of all the promoters studied here, Pt showed greatest ethylene and benzene 
yields. Other promoters based on these activities could be ranked as: Cr > Pd > W. Ethylene 
yield for all the promoters showed similar trend (Figure 5.6). Ethylene yield rises initially, then 
decreases slightly, and then remains stable for rest of the run. It is observed that even though 
the catalysts deactivate with time, ethylene yield remains stable, which means the production 
of ethylene is independent of availability of Mo sites. 
Figure 5.6. MDHA reaction data for ethylene yield over Mo/SZ catalysts (650oC, 1 atm, 600 
ml/gcat-hr) 
 
In the case of benzene production, all the promoters showed initial high rise in the 
benzene yield and subsequently a rapid decrease (Figure 6). Effect of the promoters for benzene 
production is ranked as: Pt>Cr>Pd>W. Even though Cr is not a noble metal like Pt and Pd that 






























Mo/SZ to generate high yield of benzene. This occurs because the presence of Cr as a secondary 
metal is believed to help the acidic sulfated zirconia by providing more stable acid sites for 
aromatization to take place[74, 75], which can eventually increase the net aromatization result 
of Mo-SZ catalyst. 
The decrease in selectivity is due to coking which starts almost immediately causing 
the Brønsted acid sites to block and prevent the oligomerization and cyclization of the ethylene 
or C2 species. Next, carbon starts depositing on the Mo sites blocking the first step of C2 
formation. However, it takes time to completely block these Mo sites and ethylene continuous 
to produce. This net result is what is observed in that the ethylene yield continues to rise to a 
certain point and then it decreases slightly, whereas benzene yield decreases almost 
immediately after the initial increase. 
Figure 5.7. MDHA reaction data for benzene yield over Mo/SZ catalysts (650oC, 1 atm, 600 
ml/gcat-hr) 
 
5.7 Temperature Programmed Oxidation 
All the TPO runs (Figure 5.8) showed amorphous to polymeric type of carbon but no 


































depending on the type of promoter, observed from the CO2 mass spec profile. (m/z= 44). It was 
evident that for all promoters except ‘W’, coke resistance seems to have improved. Based on 
the CO2 profile the following carbon footprint is observed for promoted catalysts: Pd < Pt < Cr 
< W. Lower coke formation with higher activity when Pt or Pd is added as a promoter could 
be attributed to the presence of additional sites for hydrogenation of carbonaceous species[50]. 
‘Cr’ on the other hand showed slightly more carbon than Pt, Pd probably due to more acidity.  
‘W’ seems to be detrimental with the highest carbon deposition and lowest activity overall.  
This has been seen in case of other metals too when ‘W’ was added as a secondary metal [38].  
 
Figure 5.8. TPO profiles for Mo/SZ spent catalysts (15 sccm O2/He, 50 mg catalyst) 
Table 5.3. Quantification for carbon deposition with TPO (after ~16 hours of reaction) 
Catalyst Carbon deposited 
(mmol/gcat) 
5% Mo-SZ 5.43 
5% Mo-0.5 %Pt-SZ 1.19 
5% Mo-0.5%Pd-SZ 0.93 
5% Mo-0.5%Cr-SZ 2.81 


































Quantification analysis of deposited carbon reveal results similar to the CO2 mass spec 
profile (Table 5.3). Carbon deposition amount was observed as follows: 
Pd<Pt<Cr<unpromoted<W. Highest amount of carbon was observed for 5% Mo 0.5% W-SZ, 
which was the least active catalyst for MDHA.  
5.8 Conclusion 
Promotional effect of Mo supported on SZ catalyst was studied for methane 
dehydroaromatization (MDHA). Pt, Pd, Cr and W were added as promoters for Mo/SZ and 
compared with the unpromoted catalyst. The objective was to characterize and test these 
catalysts to study the effect of promoters in terms of activity, product selectivity, and 
deactivation. Raman spectra confirmed the loading of Mo oxide on SZ surface. SEM-EDS was 
used to determine the actual amount of metal oxides on SZ. BET surface area measurement 
indicated that the added metals are well-dispersed in the SZ catalyst. Ammonia TPD and 
pyridine DRIFTS suggest that the addition of promoters into Mo/SZ decreased the Brønsted 
acidic intensity of the catalyst, thus decreasing the total number of available acid sites. This is 
possibly due to interaction between surface hydroxyls and metals. XRD was used to detect the 
phases present in SZ structure. No crystallinity was observed in any XRD patterns, which 
means the metal oxides were well dispersed in the SZ bed in amorphous phase. XANES 
characterization showed that Mo oxide is converting to Mo oxide/oxycarbide in-situ, 
irrespective of promotional effect on its transformation. This also suggests that the promoters 
have more influence on the acidity rather than the activity of Mo sites. Major products from 
MDHA reactions included ethylene and benzene, where the promotional effect for ethylene 
yield ranked as: Pt>Pd>Cr>unpromoted>W. For benzene yield the order of performance was 
Pt>Cr>Pd>unpromoted>W. These results suggest that the promoters can have both positive 
and negative effect on the performance of Mo/SZ solid acid catalyst. TPO results indicated that 
the deactivation of the catalysts was primarily due to carbon formation with time. In all 
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catalysts, TPO shows that the deposited carbon is qualitatively identical for all catalysts 
(amorphous carbon), but differ significantly in amount of carbon deposited.  The most active 
Pt promoted catalyst showed very low amount carbon deposition, whereas the least active W 
















Chapter 6. Direct Conversion of Methane to C2 Hydrocarbons Using 
W Supported on Sulfated Zirconia Solid Acid Catalyst 
6.1 Introduction 
The growing need for heavier hydrocarbons in chemical industries has reached a new 
height in the 21st century. Over the last few decades, extensive research has been carried out to 
directly convert methane, the major component of natural gas, to value added chemicals using 
heterogeneous catalysts[27]. An increased production of natural gas has led to a reduction in 
natural gas price compared to crude oil. Currently, the major use of natural gas is power 
generation and heating[36]. Despite extensive research for alternative uses, much of the natural 
gas produced as byproducts of oil recovery is combusted and released [169], which is not an 
economic and environment-friendly utilization of this major natural resource. Current 
industrial technologies for the conversion of natural gas are indirect processes, which are based 
on energy inefficient and involve complex steps involving the production of syngas (CO & 
H2)[170]. Direct conversion routes can eliminate the requirement of this intermediate step[14, 
127] and produce valuable chemicals with high energy efficiency.  
Conventional processes of producing ethane and ethylene from methane involves 
presence of oxidant, i.e. O2, CO2, S. One indirect approach is known as oxidative coupling of 
methane (OCM)[171]. Reported in early 1980s by Bhasin and Keller[172] as well as Hinsen 
and Baerns[173], this mechanism involves extraction of a hydrogen atom from methane to 
activate it and produce methyl intermediates. This methyl radical may react with another one 
to produce ethane. If another hydrogen atom can be extracted from the methyl radical, it would 
generate CH2* intermediate, which may react with a similar radical to produce ethylene.  
__________ 
This chapter was previously published as Md Ashraful Abedin, Srikar Bhattar, James 
Spivey, “Direct conversion of methane to C2 hydrocarbons using W supported on sulfated 




Studies have shown that mixed metal oxides like La-based perovskites[174], 
MnNaW/SiO2[175], Mo/HZSM-5[40, 83] and noble metals[176] help oxidize methane 
towards ethylene and ethane. The challenge of this approach is that selectivity to C2s has been 
reported to be relatively low and the process involves high temperature with complex 
intermediates [127]which make the whole process less efficient.  
A similar mechanism can also be proposed for direct activation of methane to C2 
hydrocarbons. Progress has been made towards understanding how methane can be directly 
activated by forming methyl radicals[15], without the involvement of co-reactants, which may 
further react to produce higher hydrocarbons. This route of methane activation to ethane and 
ethylene requires the presence of a solid acid catalyst[31]. The reaction has two important 





Figure 6.1. Methane to C2 hydrocarbons possible reaction pathways 
Thermodynamically, such methane activation pathways ultimately drive the reaction 
spontaneously towards formation of solid carbon[27, 32], which is the most stable product at 
equilibrium conditions. In order to drive the selectivity towards C2s, an oxide heterogeneous 
catalyst is necessary [37, 56, 80].  
One of the most important properties needed for such catalysts is the ability to form 
oxygen vacancies[81]. For strong oxidizing agents, oxygen vacancies are readily formed. This 
is the similar mechanism that enables methane during OCM to convert and selectively produce 
C2 hydrocarbons. A recent DFT study by Cheng Et. al[82] suggested that a limited increase in 
concentration of oxygen vacancy on the oxide based catalyst results in significant decrease in 
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the energy required for the hydrogen extraction to break the methane molecule and form methyl 
radicals. Oxygen vacancies thus can promote the direct conversion of methane.  
Here, this study focuses on using W oxide based acid catalyst. Previously, transition 
metals of group VIB have shown activity for alkane activation.[10, 35] Mo/W oxide supported 
on ZSM-5/MCM-22 is a well-studied bifunctional catalyst for methane 
dehydroaromatization.[36, 65] It has been reported that the metal carbide species produced 
from Mo/W oxides activate methane by forming CHx species, which is dimerized into C2Hy 
species.[50, 83] Previously, this group demonstrated high activity and strong aromatic 
selectivity for methane dehydroaromatization (MDHA) using Mo oxide doped on sulfated 
zirconia (SZ) solid acid catalysts[15]. During these studies, it was observed that the addition of 
W as promoter to Mo/SZ shifted the MDHA product selectivity towards ethylene and 
ethane.[10] W is known to be a strong oxidizing agent [17, 38]. It reacts with rare-earth 
elements, Fe, Cu, Al, Mn, Zn, Cr, Mo, C, H2, and can be reduced to pure tungsten metal[48].   
The rationale is to dope W oxide into a stable non-reducible oxide that exhibits high 
resistance to the loss of oxygen and low reactivity towards hydrogen at high temperature. 
Although silica and alumina have been reported as strong non-reducible catalyst supports[11, 
84],  recent studies have revealed zirconium oxides to demonstrate higher strength in working 
conditions[52]. It has been reported that the sulfurized form of ZrO2 known as sulfated zirconia  
(SZ), actively helps the active metal sites to stabilize on the oxide support at a greater 
degree[48, 85]. SZ is a well-known solid acid possessing surface H+ ions[46, 48], which can 
react with some of the excess methyl radicals and remove these in the form of benzene and 
heavier hydrocarbons as valuable side products[13, 15]. 
This present study is a follow up of this group’s recent works with sulfated zirconia 
based solid acid catalysts for methane activation. Here, we introduce a novel catalytic 
approach, where W oxide is supported on SZ, and investigate it’s effect on direct activation of 
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methane. To the best of our knowledge, no study has shown methane activation with W/SZ 
catalyst to selectively produce C2 hydrocarbons. Synthesis of this novel catalyst is followed by 
characterization using pyridine DRIFTS, BET, ammonia-TPD, SEM-EDX, XPS, XRD and 
temperature programmed techniques. Afterwards, W/SZ is tested to activate methane and its 
performance on C2 product selectivity will be evaluated in thermodynamically favored reaction 
temperatures. This is followed by subsequent temperature programmed oxidative analysis on 
carbon deposition. 
6.2 Catalyst Preparation 
Materials 
Ammonium metatungstate hydrate, (NH4)6H2W12O40·xH2O and Zirconium hydroxide, 
Zr(OH)4 (97%) precursors were purchased from Sigma Aldrich Inc. H2SO4 (95–98.0%) was 
purchased from Malinckrodt Chemicals Inc. Ultra-high purity grade He, H2, CH4, and 10 % 
O2/He were ordered from Airgas Inc. 
Synthesis 
Sulfated zirconia was prepared by following conventional methods [24,29]. 35 g of 
zirconium oxide was mixed with 500 mL of 0.5 M H2SO4 solution prepared with DI water. The 
mixture was stirred for 2 h, followed by vacuum filtration with excess DI water. The retentate 
was dried at 110 °C overnight followed by calcination at 550 °C for 4 h to prepare the final 
catalyst.  
W/SZ was synthesized by following the preparation method of Mo/SZ [10, 52]. The 
catalyst was prepared using incipient wetness impregnation method with ammonium 
metatungstate hydrate as the precursor. W impregnation was carried out at room temperature. 
5 wt % of W was added in the form of ammonium tungstate to 100 ml DI water mixture. 8 gm 
of prepared SZ was later added to this solution. The mixture was stirred for 2 h, followed by 
vacuum filtration with excess DI water. The sample was dried at 110 °C overnight and calcined 
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at 550 °C in atmospheric condition for four hours. The catalyst was passed through a sieve to 
achieve the final powdered form. Later it was weighed and collected in glass ampule to avoid 
exposure to moisture and air. 
6.3 Characterization Techniques  
BET 
Altamira AMI-200 characterization reactor was used for Breauner Emmett Teller 
(BET) surface area measurement with N2 monolayer adsorption. To measure the catalytic 
surface area, a three-point BET was used in presence of 10 %, 20 % and 30 % N2 
concentrations. 
Ammonia-TPD 
Ammonia TPD was carried out in Altamira AMI-200 reactor system coupled with 
Ametek Mass Spectrometer. 50 mg of the prepared catalyst was loaded on a quartz U-tube 
reactor. Catalytic pretreatment was followed by using He as the inert gas source. Temperature 
was increased till 200 °C with 30 sccm of He flow and held for 30 mins to eliminate any weakly 
physisorbed particles on catalytic surface. Sample temperature was cooled down to 50°C under 
He, followed by introduction of 40 sccm of 5% NH3/He to initiate NH3 adsorption process for 
90 mins. 30 sccm He was flown subsequently for 40 min to get rid of any residual ammonia. 
Mass spec and TCD detector were later turned on and the temperature was increased at 10 
°C/min. from 50 °C to 700 °C.  Based on the signal from Mass Spec and TCD, amounts of 
ammonia desorbed and peak positions were calculated to quantify the corresponding acid sites 
available on the catalyst. 
Pyridine DRIFTS 
Pyridine is a weak base and was used as a probe molecule for catalytic acid site 
characterization with Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). 
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A Thermo Scientific Nicolet 6700 FTIR equipped with Harrick Praying Mantis (HPM) reaction 
cell fitted with KBr windows was used for DRIFTS experiment.  
Glovebox technique was used to load the HPM cell with catalyst powders to avoid 
atmospheric exposure. Helium was introduced in the cell initially to remove any residual 
moisture or physisorbed particles. This was followed by catalytic pretreatment by increasing 
the temperature to 100°C and was held for 30-40 mins to clean the surface from adsorbed 
impurities. To collect a background spectrum, sample temperature was reduced to 25°C and a 
spectral resolution of 4 cm-1 was recorded within the region of 2000 – 250 cm-1.  
Gaseous pyridine was introduced to saturate the surface for 180 mins at 25 °C. Helium 
was reintroduced in the follow-up step to remove the physisorbed pyridine at the catalyst 
surface and the IR cell walls. Temperature was raised at 100ºC again to desorb the pyridine 
that was bonded to the strong acid sites of the sample. It was held at 100ºC for 10 mins and 
cooled back to room temperature to record the pyridine adsorption spectrum. Similar spectra 
were recorded at 25ºC  after 10 min. This procedure was repeated at 200 °C, 300 °C, and 400 
°C to investigate thermal stability of the acid sites.  
XPS 
X-ray Photoelectron Spectroscopy was performed at Louisiana State University Shared 
Instrument Facility (SIF) to understand the oxidation sates of the active metal. Samples were 
characterized using Scienta Omicron ESCA 2SR XPS instrument with Aluminum 
monochromatic X-ray source at 15 kV with pass energy of 40. XPS data was analyzed using 
CasaXPS licensed software. 
SEM-EDS 
SEM-EDS analysis of the samples was performed to determine elemental composition 
at the bulk level. The experiment was carried out at LSU Shared Instrument Facilities (SIF) 
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using FEI quanta 3D FIB/SEM coupled with Ametek EDAX accessory. Voltage of of 5 kV 
and at a resolution of 3 µm was maintained to detect elemental compositions. 
XRD  
PANAnalytical EMPYREAN diffractometer with Cu Kα radiation was used to perform 
XRD analysis. Spectra were scanned between the 2 theta range of 5° to 90° with step size of 
0.1°. XRD data were analyzed with licensed PANAnalytical X’Pert software and data 
comparison was done using MS Excel. 
6.4 Experimental Procedure 
The prepared catalyst was run at a temperature range of 650-750ºC for ~15 hours to 
investigate direct activation of methane. The catalysts were loaded in an Altamira AMI 200HP 
reactor system equipped with quartz tube reactor and reduced under H2 flow till the desired 
reaction temperature was reached.  
This was followed by carburization while flowing a gas mixture of methane & H2 ( 
flow ratio 1:4), which was introduced into the reactor for 4 hours to further reduce the catalyst. 
H2 and CH4 gases were stopped and the reactor was purged with Helium as inert gas. 
methane  was reintroduced later to carry out methane activation reaction. 
Downstream reaction product gas was analyzed using Shimadzu GC2014 (FID, 2 
TCDs) equipped with Restek RT-Q-Bond column (30 m × 0.53 mm × 20 μm) in conjunction 
with Shimadzu QP2010 GC-MS system. Conversion of methane was calculated with the 
following formula.  
% CH4 conversion = 
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛− 𝑚𝑜𝑙 𝐶𝐻4𝑜𝑢𝑡
𝑚𝑜𝑙 𝐶𝐻4𝑖𝑛
 x 100 
Product selectivity was calculated based on the gaseous products observed from 
conversion of methane. Carbon deposition is excluded from this calculation as the coke formed 
at any instant of the reaction is not measured. Another reason for the exclusion is because the 
rate of coke formation differs over a period and is not discussed in this work. 
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% product selectivity = 
𝑚𝑜𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑜𝑙 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
 ×  100 
6.5 Results and Discussion 
Physicochemical properties  
BET physisorption showed that surface area of W/SZ was less than pure SZ (Table 6.1). 
Literature reports the surface area of SZ to be 50-100 m2/g[16, 177]. When W was impregnated 
in SZ, a slight decrease in surface area indicates some blockage in porous regions of SZ due to 
loading of the active metal. 
Table 6.1. Physico-chemical properties of W/SZ catalysts 







area  (m2/g) 
SZ - - - 84 
5% W/SZ 5 4.3 4.1 71 
 
To determine the actual loading of W on SZ, SEM-EDS and XPS analysis were carried 
out. It was observed from both analysis that the actual amount of W was lower than the intended 
loading. This may be due to loss of W during catalytic synthesis.  
Characterization Results 
Pyridine DRIFTS 
Pyridine is typically used as a weak base to probe the strong acids sites of catalysts. 
DRIFTS analysis was carried out to investigate the stability of SZ acid sites, before and after 
W was loaded into the catalyst. Adsorbed pyridine sites on SZ correspond to either Brønsted, 
Lewis acid sites or dual acid sites, detected from the vibrational bands which can be 
distinguished between the types of acid sites. 
Vibrations at around 1445 cm-1 and 1610 cm-1 represent Lewis acid sites, whereas 
vibrations at around 1545 cm-1 and 1645 cm-1 represent Brønsted acid sites[134]. Vibrations at 
around 1495 cm-1 represents sites that contain both Lewis and Brønsted acidity [134, 135]. All 
94 
 
of these characteristic bands were observed in SZ catalysts, before and also after W loading 
(Figure 6.2). This indicates that surface acidity was not compromised when active metals were 
impregnated into SZ. An increased intensity of Lewis acid sites on W/SZ refers to the addition 
of Lewis acidic W sites on SZ. The small peak at ~1580 cm-1 represents physisorbed 
pyridine[134].  
 
Figure 6.2. DRIFTS of the prepared catalysts at 4000C, after pyridine exposure for 3 hours  
Both catalysts were tested at temperatures up to 4000C to study the stability of these 
acid sites at elevated temperatures. It was observed that both catalysts showed stable acid sites, 
as observed from figure 6.2. 
Ammonia-TPD 
To quantify the amount of acidity in the catalysts before and after W addition, ammonia 
was used as a probe molecule for temperature programmed desorption (TPD). Ammonia is a 




Figure 6.3. NH3-TPD of fresh catalysts, 40 sccm 5%NH3/He flow, 50 mg  
Figure 6.3 shows a comparison of ammonia TPD curves for the two catalysts: base SZ 
and W/SZ. SZ showed a typical ammonia TPD peak at ~120-1400C range, followed by a long 
shoulder that drops down slowly to ~5500C. W/SZ showed a very similar TPD curve as well, 
but the intensity in the TPD curve went down after loading W onto SZ, indicating an overall 
loss of the total acidity.  
Table 6.2. Amount of NH3 desorbed/consumed per gram of catalyst 
Catalyst Total micromoles of NH3 
desorbed per gram catalyst 
SZ 1953.6 
5% W/SZ 1522.2 
This decrease in total acidity with the addition of W to SZ was quantified by measuring 
the total TPD area for both SZ and W/SZ (Table 6.2). This can occur due to a possible blockage 
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of microporous SZ channels by W oxide particles, thus restricting the access of ammonia to 
some acid sites.  
XRD 
SZ has distinct XRD pattern widely reported in the literature[10, 52]. Different phases 
of SZ have been observed based on the synthesis technique and calcination temperatures[42, 
177]. In this work, since SZ was calcined at 5500C. At this temperature tetragonal phases 
mostly dominate the chemical structure[48, 177].   Figure 4 shows the XRD spectra of SZ and 
W/SZ catalysts. Base SZ clearly showed all the characteristic peaks attributed to  tetragonal 
phase (reference ICDD PDF # 811544).  
 
Figure 6.4: XRD patterns of SZ and W/SZ 
After W was loaded onto SZ, no difference in XRD pattern is observed, suggesting that 
W is evenly dispersed into SZ structure in amorphous form, with little crystallinity. This also 
implies that base structure of SZ remained intact even after W was impregnated.  
Activation of methane 
The catalysts were tested for methane activation at different temperatures to understand 
their effect on activity and product selectivity. Before initiating the catalytic reaction, a blank 
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reaction was carried out in absence of the catalysts at reaction conditions. Only methane was 
observed in the product stream, detected by GC-MS. Afterwards, three catalytic reactions were 
carried out for ~15 hours each, at 650, 700 and 7500C in otherwise identical reaction conditions.  
 
Figure 6.5: Conversion of methane with 5% W/SZ, 1g, 10 SCCM methane flow, 1 atm 
The products observed in all of the catalytic runs were primarily ethylene, ethane, with 
small amount of aromatics including BTEX (benzene, toluene, ethylbenzene and xylenes).  
As expected, initial methane conversion increased with temperature, but quickly deactivated 
with time, reaching similar methane conversion with time at each temperature (Fig. 6.5). This 
can be attributed to catalytic deactivation due to carbon deposition. Even though methane 
conversion did not differ significantly with temperature after less than 100 min,  product 
selectivity was significantly different.  
Product selectivity towards C2 hydrocarbons increased with temperature (Figure 6.6).  
Selectivity increased initially for 6500C and reached stability at ~70% after ~300 mins of run. 
For 7000C, selectivity dropped down initially, and then reached a stable ~76% selectivity 
throughout the run. Highest amount of C2 selectivity was observed for 7500C, which went up 
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initially for a short period of time and then became stable at ~93% throughout the run. This 
increase in C2 selectivity with temperature can be attributed to more W active sites being 
reduced at a faster rate. When temperature increases, more W oxide are reduced[179], as a 
result more methyl radicals turn to C2 dimers[10], thus produce ethylene and ethane.  
 
Figure 6.6: C2 product selectivity for methane conversion with 5% W/SZ, 1g, 10 SCCM 
methane flow, 1 atm 
Benzene was a major product observed at 650-7000C, due to the enhanced acidity 
provided by SZ [15](Figure 6.7). For 6500C, benzene selectivity was initially at ~35%, which 
decreased rapidly with time. A similar trend was also observed with 7000C, where benzene 
selectivity increases initially and decreased rapidly with time as well. For 7500C, very little 
benzene formation was observed, product selectivity was mostly C2 hydrocarbons at this 
temperature. Acidity from SZ promoted methyl radicals to produce benzene instead of carbon. 
This transformation, however, was unstable in this case. Acidity of SZ is dependent on the 
available sulfate ions, which are responsible for supplying H+ ions during the reaction.  
It has been reported that at temperatures higher than 6300C, sulfate ions are not stable 
in dynamic reaction conditions[46], and leave SZ surface in gaseous states (SOx). SZ loses the 
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required acidity to transform methyl radicals to aromatics like benzene, and is similar to ZrO2, 
as observed from these runs. 
 
Figure 6.7: Benzene product selectivity for methane conversion with 5% W/SZ, 1g, 10 SCCM 
methane flow, 1 atm 
6.6 Temperature Programmed Oxidation 
To understand the deactivation mechanism of W/SZ, TPO was carried out on each spent 
catalyst from the three temperature runs. Catalytic deactivation is mostly due to carbon 
deposition[180], which can be categorized as either amorphous, with a peak position at ~400⁰C, 
or polymeric carbon generated from aromatics, with peak temperatures at 500⁰C-600⁰C range, 
or graphitic carbon with peaks at 650-7500C range [144].  
Spent catalyst from 6500C and 7000C runs showed sharp TPO peaks at around 500⁰C-
600⁰C range, attributable to polymeric carbon (Figure 6.8). Liu et al.[59]reported that Brønsted 
acid sites from SZ provide active sites for the formation of aromatics, and lead to carbon 
formation as final product. At 6500C, there was more aromatics formation than 7000C, 
indicating that less sulfate ions are vaporized from the SZ surface at lower temperatures, thus 
producing more carbon precursors.   
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For the 7500C spent catalyst, a small shoulder at 500⁰C-550⁰C region indicates very 
little formation of polymeric carbon. A stronger peak at ~7000C indicates the formation of 
graphitic carbon, which can be attributed to carbon from active metal or acid sites that are 
strongly attached to the catalytic surface[181]. This suggests that W oxides were greatly 
reduced at higher temperature to W carbides or oxycarbides, which are responsible for 
enhancing dehydrogenation activity[182-184], as observed during the 7500C run. 
 
Figure 6.8: TPO data for the three spent catalysts, 15 sccm O2/He, 25 mg  












Amount of carbon deposited was quantified for all three runs (Table 6.3). More carbon 
was observed from the 6500C run with the highest aromatics formation, which is in accordance 
with the TPO analysis.  
6.7 Conclusion 
Activation of methane was studied with novel W/SZ catalyst to study the correlation of 
the effect of reaction temperature with product selectivity. Previous studies with Mo/SZ 
successfully demonstrated high activity for MDHA, with affinity towards C2 formation when 
W was present as a promoter[10]. The objective of this follow-up work was to use a similar 
novel approach to directly convert methane to C2 hydrocarbons by introducing WOx as the 
primary active site onto SZ solid acid, characterizing the catalyst and understanding the role of 
W towards C2 hydrocarbons selectivity.  
Characterization of SZ and W/SZ was carried out using pyridine DRIFTS and ammonia 
TPD, which confirmed that addition of W to SZ increased Lewis acid sites in SZ but decreased 
the total acidity. BET surface area measurements showed high dispersion of W active sites 
inside SZ pores. SEM-EDS and XPS confirmed that the actual loading of W was close to the 
intended amount. XRD suggested that W is well dispersed throughout SZ in amorphous form.  
Experimental results showed that methane activation did not vary significantly with 
temperature, although change in product selectivity was observed. W/SZ was found to be 
highly selective to ethylene and ethane (~73-93% selectivity) at 650-7500C, which was the 
primary goal of this study. C2 selectivity increased with temperature and remained stable with 
time. Benzene was another major product observed at 650-7000C range, which decreased 
rapidly with temperature and time due to possible loss of sulfate sites from SZ at high 
temperature. TPO results indicate that the primary reason of catalytic deactivation is due to 




Chapter 7. A Novel Approach of Methane Dehydroaromatization 
Using Group VIB metals (Cr, Mo, W) Supported on Sulfated Zirconia 
7.1 Introduction 
The growing need of heavier hydrocarbons in chemical industries has reached a new 
height in the 21st century. Natural gas is a cleaner source of high value chemicals compared to 
other conventional fossil fuels such as coal & oil. Unfortunately, conventional end use of 
natural gas includes power generation and flaring[170]. To make the best use of this abundant 
natural resource, research has been focused on activating natural gas components with minimal 
energy input. Major component of natural gas is methane, which has been well studied as a 
feedstock for producing valuable chemicals using heterogeneous catalysts.[27, 171] Methane 
conversion process can be categorized into direct and indirect reaction routes[27]. The 
difference is that for the indirect process, an intermediate product formation, typically syngas, 
is required[180]. This additional reaction step is used to produce higher hydrocarbons but is 
energy intensive. Direct conversion is advantageous because it eliminates the intermediate 
step[36], while greatly reducing energy requirements and capital investment. Primary 
challenge for direct conversion is activating the first C-H bonds of methane, which is 
thermodynamically very stable[27]. To overcome such high activation barrier, presence of a 
catalyst is necessary. 
One such reaction mechanism involves activating methane using a bifunctional catalyst 
having two adjacent active sites, known as methane dehydroaromatization (MDHA). 
Transition metals of group VIB (Mo, W) have shown alkane activation via this route.[35]  
𝟔 𝑪𝑯𝟒(𝒈)↔𝑪𝟔𝑯𝟔(𝒈)+𝟗 𝑯𝟐(𝒈) (ΔG298K = +433 kJ/mol, ΔH298K = +531 kJ/mol) … (1) 
__________ 
This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, 
James Spivey, “A novel approach of methane dehydroaromatization using group VIB metals 
(Cr, Mo, W) supported on sulfated zirconia,” MRS Advances (2020):1-11. Reprinted by 
permission of Materials Research Society. 
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Mo oxide supported on ZSM-5/MCM-22 is a well-studied bifunctional catalyst for 
MDHA.[51, 65] It has been reported that the metal carbide species produced from Mo/W 
oxides activate methane by forming CHx species, which is dimerized into C2Hy species.[50] 
The acidic sites present on ZSM-5/MCM-22 are believed to be responsible for oligomerizat ion 
of the C2Hy species to form benzene and heavier aromatics [36]. 
Solid heterogeneous catalysts[11] can catalyze a range of reactions. Even though 
homogeneous acid catalysts are advantageous for higher reaction rates at low temperature 
reactions [13, 16], for certain reaction systems high temperature solid acids are required. This 
allows to overcome the thermodynamic limitations associated with low temperatures. [15].  
Solid acids such as sulfated zirconia (SZ), sulfated hafnia (SH), tungstated zirconia (WZ) are 
highly acidic, thermally stable compounds [42]. These possess strong BA sites[45] that have a 
key role in the oligomerization of dimeric species.  Among the sulfated oxide based super acids, 
sulfated ZrO2  has been most frequently investigated, modified, and applied to various reaction 
systems[1, 16, 28, 46], because of their strong acid sites, ease of preparation, and commercial 
availability. 
Group VIB metal (Mo, W, Cr) doped on solid acids has been reported for reactions 
such as alkane direct activation[14, 18], hydroconversion, isomerization [52] Different amount 
of loading, calcination technique, catalytic pretreatment, and reaction temperature have been 
studied the active oxidation state of Mo in a reaction[50]. One of the significant properties of 
group VIB metals is in the formation of carbides through the addition of carbon into their lattice 
structure. In excited state the outer d band of these has electron vacancy, which is filled by the 
valence electron of carbon. This metallic band type appearance lets such metals to have a 
density of states at the Fermi level which resembles the electronic configuration of a noble 




Keeping these in mind, our goal is to use group VIB based metals, i.e., Mo, W, Cr, and 
load these onto sulfated zirconia (SZ) solid acid (Figure 1) and compare their performance in 
MDHA. SZ replaces the conventional acidic ZSM-5/MCM-22 support, which has been well 
studied for its strong acidic sites that can catalyze cyclization of the C2Hy dimers generated 
from the active metal sites[52]. Even though SZ does not possess shape selectivity like HZSM-
5, the acidity is believed to be enough to oligomerize the dimers to aromatics[15]. 
To our knowledge, group VIB metals have never been supported on SZ solid acid and 
tested for MDHA. The fresh synthesized catalysts are characterized using pyridine DRIFTS, 
ammonia TPD, SEM-EDS, BET, XANES. The catalysts were then tested for MDHA.  
Deactivation was studied using temperature programmed oxidation (TPO).   
 
Figure 7.1. Proposed reaction mechanism for MDHA with group VIB metals as active sites 





7.2 Experimental  
Catalyst synthesis 
Conventional literature methods were used to prepare sulfated zirconia. Zirconium 
oxide was obtained directly from vendors. 1 M H2SO4 was added to zirconium oxide, followed 
by stirring for 2 hours. This was dried at 1100C overnight and calcined at 5500C to prepare the 
final SZ catalyst.   
Incipient wetness impregnation method was used to dope 5 wt. % of each metal in SZ. 
SZ powder and metal precursors were added to make a DI water solution, which was stirred 
for 2 hours, followed by filtration with excess water. The retentate was dried at 1100C overnight 
and calcined at 5500C for 4 hours in ambient condition and stored in bottles to avoid air and 
moisture exposure.  
Catalytic characterization 
Physico-chemical properties 
The surface area of the catalysts was determined using BET physisorption technique. It 
was found that in each case, surface area decreased with the addition of metals in SZ surface 
(Table 7.1). SZ is reported to have surface area of 50-100 m2/g[16, 177], similar to what was 
observed in BET analysis.  
Table 7.1. Physico-chemical properties of prepared catalysts 
Sample metal wt.% 
(intended) 




surface area  
(m2/g) 
SZ - - 84 
5% W/SZ 5 4.3 71 
5% Mo/SZ 5 4.5 76 
5% Cr/SZ 5 3.9 74 
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When group VIB metals were added, this surface area decreases, likely due to SZ pore 
blockage due to metal loading. SEM-EDS analysis was carried out to determine the metal 
compositions. It was found that the actual amount of metals was lower than that was intended, 
possibly lost during calcination stage of synthesis. 
Pyridine DRIFTS 
DRIFTS was carried out using pyridine as weak base probe molecule to determine the 
acid site stability, before and after the metals were loaded in SZ. Adsorbed pyridine sites on 
SZ correspond to either Brønsted, Lewis acid sites or dual acid sites. Vibrations at around 1445 
cm-1 and 1610 cm-1 represent Lewis acid sites, whereas vibrations at around 1545 cm-1 and 
1645 cm-1 represent Brønsted acid sites[134]. Vibrations at around 1495 cm-1 represents sites 
that contain both Lewis and Brønsted acidity [134, 135]. All these characteristic bands were 
observed in the four SZ catalysts, indicating that surface acidity remained stable after metals 
were loaded (Figure 7.2). All catalysts were tested up to 4000C, and stable acid sites were 
observed as temperature was increased.  
 
Figure 7.2. Pyridine DRIFTS of the prepared catalysts: SZ, Mo-SZ, Cr-SZ and W-SZ, each 
tested at 4000C after pyridine exposure for 3 hours  
Ammonia TPD 
Ammonia TPD was used to quantify the total acidity of the prepared catalysts. 
Ammonia was used as probe molecule to study the total acid sites for each catalyst. After 
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analyzing TPD areas, decrease in total acidity was observed for the metal loaded catalysts 
(Table 7.2). This suggests that some acid sites were compromised due to metal-support 
interactions, resulting in a loss of acidity.  
Table 7.2. Amount of NH3 desorbed/consumed per gram of catalyst 
Catalyst Total micromoles of NH3 
desorbed per gram catalyst 
SZ 1954 
5% W/SZ 1133 
5% Mo/SZ 1465 
5% Cr/SZ 1028 
7.3 Experimental procedure  
The bifunctional catalysts were run at 700ºC for ~15 hours to investigate methane 
dehydroaromatization. The catalysts were first reduced under H2 flow till the desired reaction 
temperature was reached. The catalysts were further reduced by introducing a methane to H2 
gas ratio of 1:4, which was flowed into the reactor for 4 hours to achieve the carburized phase.  
7.4 Results and Discussion 
All three group VIB catalysts were tested at 700ºC for MDHA and their activity and 
product selectivity were measured. Products observed in all the catalytic runs were primarily 
ethylene and benzene, with small amount of ethane, propylene, propane (not shown). 
Considerable differences in initial activation periods were observed for all three catalysts, 
followed by deactivation. At the conditions tested here, deactivation was inevitable due to 
coking. 
Methane conversion and selectivity towards aromatics differed significantly among the 
three catalysts. This can be attributed to dispersion and concentrations of metal carbide species, 
as well as the difference of reactivity among the metal species present in SZ. Methane 
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conversion was the highest for Mo-SZ at 700ºC, followed by W and Cr, both showing similar 
activity (Figure 7.3).  It appears that W and Cr oxide in their reduced states are not as stable as 
the reduced Mo oxides on SZ support at 700ºC, which are considered to be the active sites for 
production of C2 dimers in MDHA[27, 32, 170].  
 
Figure 7.3. Reaction data of group VIB SZ catalysts for methane conversion (10 sccm CH4, 
700⁰C, 1 atm, 600 ml/gcat-hr) 
 
Figure 7.4. Reaction data of group VIB SZ catalysts for ethylene production (10 sccm CH4, 
700⁰C, 1 atm, 600 ml/gcat-hr) 
This is evident during ethylene formation as well, where Mo/SZ showed higher 
selectivity towards the production of ethylene (Figure 7.4), followed by W/SZ. Compared to 
Mo/SZ and W/SZ, Cr/SZ showed lower ethylene selectivity for MDHA, possibly because Cr 
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oxide was not reduced to its active state. Ethylene selectivity was stable for all three catalysts 
after ~500 mins into reaction. 
Only Mo/SZ showed significant benzene selectivity (Figure 7.5) for MDHA. A possible 
reason for less aromatization activity observed in W and Cr/SZ might be due to their low 
acidity, as observed in ammonia TPD, where W and Cr showed lower amount of acidity. More 
acidity was observed for Mo/SZ, suggesting more acid sites available for the dimers to 
oligomerize and thus producing more aromatics. Benzene selectivity for Mo/SZ decreased with 
time, likely due to coke deposition. 
 
Figure 7.5. Reaction data of group VIB SZ catalysts for benzene production (10 sccm CH4, 
700⁰C, 1 atm, 600 ml/gcat-hr) 
LIII edge XANES: Mo active phase  
To understand the reason of such high activity of Mo/SZ compared to the other 
catalysts, LIII edge XANES was carried out on Mo/SZ for investigation of Mo oxidation states 
during reaction. Fresh, carburized and spent forms of Mo/SZ were compared with the standard 
Mo oxide(a) and Mo2C(e) samples. Fresh Mo/SZ catalyst shows resemblance with the MoO3 
standard, with two split peaks (B and C). These unique splits refer to t2g and eg splitting of Mo 
4d orbitals[137] from tetrahedral coordination. From the XANES analysis, a gradual loss in 
this characteristic Mo oxide split peak is observed[139], as the catalyst transforms from 
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fresh>carburized>spent phase, indicating reduction of Mo oxide phase towards Mo carbide or 
oxycarbide[14, 15].  
This suggests that Mo oxide was reduced and transformed to Mo carbide/oxycarbide 
phase, which is regarded as the active site for MDHA[10, 14].  
 
Figure 7.6: LIII edge XANES spectra for catalysts and reference samples (at 50 Torr with eV 
range of 2510-2540 in transmission mode) : (a) MoO3 standard, (b) Fresh 5% Mo/SZ (oxidized 
state), (c) Carburized 5% Mo/SZ, (d) Spent 5% Mo/SZ, (e) Mo2C standard 
7.5 Temperature programmed oxidation (TPO) 
To investigate catalytic deactivation, TPO was carried out on three metal loaded SZ 
catalysts. Figure 7.7 shows the TPO curves for the three catalysts. As observed form the figure, 
Mo/SZ showed a large peak of carbon at around 5000C. Carbon found at this temperature region 
(450-5500C) is typically considered to be amorphous in nature[144]. This peak is due to the 
formation of aromatics. Benzene is a known precursor of coke[59], which makes coke 
production a sequential reaction pathway from benzene. The more active the catalyst, the more 
benzene is produced, and ultimately coke is formed.  
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Small carbon peaks were observed for lesser active W/SZ and Cr/SZ spent catalysts at 
around 5500C, which are also amorphous type.  
 
Figure 7.7: TPO profiles of the spent catalysts, 50 mg, 30 sccm 10% O2/Ar, 1 atm 
7.6 Conclusion 
In this work, group VIB metals (Cr, Mo,W) supported on SZ were characterized and 
tested for MDHA. The purpose is to evaluate the performance of these catalysts in MDHA 
activity and product selectivity. BET physisorption showed surface area was lost as metals 
were loaded onto SZ and caused SZ pore blockage. SEM-EDS showed the actual loading of 
metals were lower than what was intended, possibly due to a loss during calcination. Pyridine 
DRIFTS and ammonia TPD showed that SZ acid sites were found to be stable, even though a 
loss was observed in total acidity after metal loading.  
Reaction data showed Mo/SZ to be the more active catalyst in terms of activty as well 
as ethylene and benene selectivity compared to W/SZ and Cr/SZ. This higher Mo/SZ activity 
is believed to be due to higher acidity[15] as well as reduction in Mo oxide phase, confirmed 
with XANES. TPO showed higher carbon deposition for Mo/SZ due to higher production of 
its precursor benzene. This study shows that Group VIB metals can be used to compare the 
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MDHA reaction as one approach to direct conversion of methane. Possible future work 
involves more characterization to learn about the deactivation mechanism, e.g., correlation of 

























Chapter 8. Mo Oxide Supported on Sulfated Hafnia: Novel Solid 
Acid Catalyst for Activation of Ethane and Propane 
8.1 Introduction 
Recent advances in shale gas production in the United States has opened opportunit ies 
for researchers to focus on conversion of natural gas to value-added chemicals[148]. According 
to a recent report published by the U.S. Energy Information Administration, U.S. natural gas 
production has set a record in 2019. During the last seven years alone, U.S. natural gas 
production has reached from 74 to 91 billion cubic feet per day. One of the prime reasons for 
using natural gas over fossil fuels such as coal and oil is because natural gas is regarded as a 
cleaner and more efficient energy source[123].  
The primary use of natural gas is power generation, but unfortunately much is flared.  
The major component of natural gas is methane (~49%-84%), followed by ethane (~1%-9%) 
and propane (0.1%-1.5%). The direct conversion of ethane and propane to higher-value 
products provides a significant opportunity for these feedstocks. 
Ethylene and propylene are the most important feedstocks in chemical industry,  and 
are produced from dehydrogenation of ethane and propane.[86] Another important reaction is 
alkane activation to higher hydrocarbons and aromatics in presence of solid superacids[83]. 
Several dehydrogenation reactions of interest are shown below, all of which require external 
energy supply and presence of a catalyst.  
4 C2H6 (𝑔) → C2H4 (𝑔)+ C6H6 (𝑔)+ 7 H2 (𝑔) ↑ (ΔG298K =+325 kJ/mol, ΔH298K =+470 kJ/mol) 
    2 𝐶3𝐻8 (𝑔) → 𝐶6𝐻6(𝑔) + 5 𝐻2(𝑔) ↑ (ΔG298K = +178.4 kJ/mol, ΔH298K = +292.3 kJ/mol) 
 
__________ 
This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, 
Srikar Bhattar, James Spivey, “Mo oxide supported on sulfated hafnia: Novel solid acid catalyst 
for direct activation of ethane & propane,” Applied Catalysis A: General 602(2020): 117696. 





Figure 8.1. Conversion of ethane and propane at thermodynamic equilibrium  
The free energies become thermodynamically favorable at elevated temperatures. 
Thermodynamics show that these light alkanes require minimum temperature of 3000C before 
any detectable conversion is observed (Figure 8.1). To reach a conversion of 20-30%, reaction 
temperatures of at least 5000C are required. These reactions are often accompanied by 
undesired side reactions[87], such as, methane (through cracking),C4 (through β-scission) and 
carbon deposition. Activation of alkanes to higher hydrocarbons requires the presence of 
bifunctional catalysts, in which metal sites first activate the alkanes via dehydrogenation. Then, 
alkyl intermediates and light alkenes are formed and the adjacent HZSM-5 acid sites supply 
protons to the intermediates and form aromatics (C6 and C6+) as final products. Metal-supported 
HZSM-5 is a well-known bifunctional catalyst for ethane and propane conversion [66, 83]. 
Here, we synthesize a novel bifunctional solid acid catalyst containing both metal and 
acid sites. Our goal is to directly conversion ethane and propane to value-added chemicals. The 
fresh catalyst has been characterized using BET, XPS, SEM-EDS, DRIFTS, ammonia TPD, 
and XANES. Spent catalysts have been analyzed using temperature programmed oxidation to 
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understand deactivation of the catalyst. A full analysis of the product gas has been analyzed to 
compare the product selectivities at different reaction conditions.  
 
Figure 8.2. mechanism of alkane activation by Mo-SH   
Keeping these in mind, Mo supported on sulfated hafnia is (Figure 8.2) synthesized for 
direct activation of ethane and propane to higher value hydrocarbons. Mo oxide is reduced in-
situ to form Mo oxycarbides/carbides to activate the alkanes [63, 163]. Sulfated hafnia is 
homologous to sulfated zirconia, which is reported to be a highly acidic support for alkane 
activation [15, 185]. 
The exact structure of the active structure of sulfated hafnia, like its homologue sulfated 
zirconia, is debatable, since literature presents no direct experimental evidence for such 
structures [186, 187]. Different structural schemes are reported for sulfated zirconia, based on 
the strength and availability of Bronsted and/or Lewis acid sites on the final catalytic surface 
[186, 188]. The proposed structure for sulfated hafnia here is based on the scheme offered by 
Arata et al. [189] and Tanabe et al. [165]. Both proposed similar structures for sulfated zirconia 
are present in both types of acid sites on surface and are found to be present in sulfated hafnia.  
116 
 
Sulfated hafnia has active S components on its surface. XPS data on fresh Mo-SH 
indicates that these S species are present in the form of SO42- on the surface of the catalyst 
[189]. The sulfate ions are decomposed in a broad range of temperature during high 
temperature calcination, suggesting that additional bonds are formed.  An example of this 
modified version is demonstrated in the proposed mechanism (Figure 8.3), where initially three 
bonds are present, with two oxygen atoms bonded to Hf in addition to a coordination of S=O 
bond with adjacent Hf atom. 
In this case, the S=O bond is electron-rich, which makes this coordination very strong. 
When water is present on the surface during synthesis, it breaks this S=O coordination effect 
and generates Bronsted acid sites as a result [189], making the S sites positively charged, as 
shown in the final form of the proposed sulfated hafnia structure. 
 
Figure 8.3. A possible mono sulfate structure of sulfated hafnia 
Although sulfated hafnia does not contain the shape selectivity feature of HZSM-5, the 
acidity of sulfated hafnia is reported[89] to be sufficient to generate heavier hydrocarbons from 
the alkyl intermediates provided by the Mo sites. 
8.2 Catalyst Preparation 
Literature methods to prepare Zirconium hydroxide[131] was followed for the synthesis 
of Hafnium hydroxide (see supplementary data section B for detailed synthesis process). The 
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prepared Hafnium hydroxide was mixed with 500 ml of prepared solution of 0.5 M H2SO4. The 
mixture was stirred for 2 hours, followed by vacuum filtration. The retentate was dried at 110ºC 
overnight and was calcined subsequently at 650ºC for 3 hours to retrieve the final sulfated 
Hafnia (SH) catalyst.  
Mo impregnation was carried out at room temperature. 5 weight percent of Mo was 
added, in the form of ammonium molybdate, to 8 gm of prepared SH along with 100 ml DI 
water mixture. The mixture was stirred for 2 hours, followed by overnight drying at 110ºC. 
Subsequent calcination was carried out at 550ºC in presence of dry air. The catalyst was sent 
through a sieve to achieve the final powdered form. It was later weighed and collected in glass 
ampule to avoid atmospheric air and moisture exposure. 
8.3 Experimental Procedure 
The effect of Mo supported on sulfated hafnia (SH) catalyst for activation of ethane and 
propane was observed for 21 cycles on stream, each cycle being 48 mins long, at different 
reaction temperatures using Altamira reactor system under adequate reaction conditions. The 
catalyst was loaded in an Altamira AMI 200HP reactor system equipped with quartz tube 
reactor. In situ catalytic pretreatment was initiated by reducing the promoted MoOx/SH catalyst 
under dry hydrogen gas at a ramp rate of 10K/min till the reaction temperature was reached. 
Ethane/Propane flow was introduced later to carry out the reaction for their direct activation to 
value-added products.  
All the gas phase reaction products were analyzed with an online Shimadzu GC 2014 
equipped with 1 FID, 2 TCD detectors and coupled in parallel with a Shimadzu QP 2010 GC-
MS. The Shimadzu GC-FID is equipped with a Restek RT-Q-Bond column (30mx 0.53 mmx 
20 μm). The product lines going from reactor to GC are always kept heated at 150 °C to keep 
prevent condensation of products. It is a limitation of this analytical setup that it cannot analyze 
naphthalene and heavier than naphthalene aromatics. 
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8.4 Catalyst Characterization 
Physico-chemical properties 
Table 1 shows the physico-chemical properties of the prepared Mo-SH[89]. Baseline 
hafnium oxide is reported in the literature to have surface area of 30-60 m2/g[132, 133]. BET 
analysis on the fresh sulfated hafnia was found to be 49 m2/g, well within the expected surface 
area. Addition of Mo to SH decreases the surface area only slightly, suggesting that Mo species 
do not impact the surface area of SH, which is basically a monolayer structure[132]. XPS and 
SEM-EDX analyses show that Mo content is close to the expected loading.  
Table 1: Physico-chemical properties of Mo-SH catalysts 











SH 49 - - - 
5% Mo-
SH 
45 5 5.2 4.5 
 
DRIFTS 
DRIFTS spectroscopy using pyridine adsorption was used to investigate the nature of 
Brønsted and Lewis acid sites as a function of Mo loading.  Figure 8.4 represents DRIFTS 
spectra of SH catalysts for various loading of Mo. Literature suggests that sulfated hafnia has 
both Brønsted and Lewis strong acid sites[132].  
Based on this, identification of the observed IR absorbance bands after pyridine 
desorption at the range of 373 K-673 K can be made. Based on the DRIFTS results, Figure 8.4 
displays the characteristic Brønsted and Lewis acid sites were present at 373 K after Mo was 




Figure 8.4. Pyridine-DRIFTS comparison data for sulfated hafnia and Mo-SH catalysts. (a) SH 
(b)Mo-SH; B- BrØnsted, L= Lewis[89] 
A slight shift in Brønsted acidity is observed from 1542 to 1537 cm-1, possibly due to 
the addition of Lewis Mo oxide. Thermal stability of the SH catalysts was tested up to 573 K, 
and despite of the high temperature, all the catalysts showed stable acid sites and strength. 
NH3-TPD  
Table 2 shows the concentration of acid sites (mmol NH3/g cat). The results for SH and 
low Mo loaded SH catalyst were quite similar, suggesting that most of the acidity was from SH 
alone. The acid concentration decreased slightly with increase in total metal loading. This is 
likely due to an exchange between the protonated sulfate sites on hafnia and metal species 
during calcination.  
Table 2: Amount of NH3 desorbed/consumed per gram of catalyst[89] 
Catalyst 
 
Total micromoles of NH3 
desorbed/ consumed per gram 
catalyst 




This also suggests that the addition of Mo on SH may have covered sufficient catalyst 
sites to affect the access of the probe ammonia to the available acidic sites. 
XANES 
The formation of the reported active phase Mo2C or MoOxCy generated in-situ while 
introducing light alkanes and can be identified using Mo LIII edge XANES spectra. The 
experimental conditions and related details for XAS are added in the supplementary data 
(section D). Figure 8.5 shows the absorption versus energy of the LIII edge spectra for Mo-SH 
catalyst, along with MoO3 and Mo2C standards for absorption peak comparison.  
 
Figure 8.5. LIII edge XANES spectra for catalysts and reference samples: (a) MoO3 standard, 
(b) Fresh 5% Mo-SH, (c) Spent 5% Mo-SH, (d) Mo2C standard 
Fresh Mo-SH catalyst resembles the MoO3 standard, with two split peaks (B and C). 
These unique splits refer to t2g and eg splitting of Mo 4d orbitals[137] from tetrahedral  
coordination. The spent catalyst showed absorption at lower energy[138], including a loss of 
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split peaks, which has unique resembles with the absorption edge of Mo2C standard sample 
[138, 139].  
This supports the claims made in the literature [27, 136, 139] that Mo oxides are 
transformed to Mo2C or MoOxCy in-situ, which act as active sites for this reaction [29, 67].  
8.5 Reaction Data 
Activation of ethane 
Ethane was converted to products at 5500C and 6000C to understand the effect of 
temperature. At both temperatures, conversion of ethane remained stable for ~16 hrs at a range 
of ~40-60% (Figure 8.6). Highest conversion was observed for 6000C run, about 60%. Products 
observed were primarily ethylene, and hydrogen along with propylene, methane, and a small 
amount of benzene (see supplementary fig. 1 for product distribution).  
Aromatics heavier than benzene such as toluene, ethylbenzene, and xylenes were not detected. 
 
Figure 8.6. Conversion data for activation of ethane with 5% Mo/SH catalyst (20 SCCM, 1000 
ppm ethane/Ar, 500 mg catalyst, 550-6000C) 
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A comparison of ethylene selectivities at 550 and 6000C (Figure 8.7) shows that 
ethylene was more selective at 5500C. At 550⁰C, selectivity is ~52%, and increases slowly up 
to~16 hrs. There is a similar steady increase in selectivity at 6000C. 
Methane was the second most selective product (18-20%), followed by propylene with 10-
15%. (see supplementary fig. 2). A small amount of benzene was observed for at both 
temperatures, (2-4%) and is typically considered to be precursor of carbon deposition. The 
increase in ethylene selectivity suggests a gradual loss of acid sites, because acid sites are 
responsible for aromatization. This would result in greater selectivity to ethylene, so that 
ethylene is not converted to aromatics as rapidly with time.   
 
Figure 8.7. Ethylene selectivity for activation of ethane with 5% Mo/SH catalyst (20 SCCM, 
1000 ppm ethane/Ar, 500 mg catalyst, 550-6000C) 
To understand the reaction network for ethane activation, published literature 
information was used as guidance. As shown in the proposed mechanism (Figure 8.2), ethane 
activation can be divided into two stages: formation of ethyl intermediates on the metal active 
sites of the catalyst, followed by (a) removal of additional hydrogen to form ethylene or (b) 
cyclization on acid sites to form aromatics [190]. Conversion of ethane at both temperatures 
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suggest that in this study, ethane followed the route towards producing ethylene, rather than 
aromatics. This suggests that shape-selectivity of support plays a vital role for aromatics 
production [191], which is absent in sulfated hafnia.  
For similar ethane conversion studies that show minimal coke formation, methane 
dominates the product distribution chart, favored by reaction kinetics [192]. This is also 
observed in this case. However, this is not observed in shape-selective catalysts that favors 
carbon generation [17, 62], in which case coke is reported to be the most dominating product.  
Activation of propane 
Propane aromatization carried out at 550 and 6000C for ~16 hrs. Propylene was the 
primary product, along with methane, ethylene, ethane, butane, and a small amount of benzene 
and hydrogen. Propane conversion was greater at 6000C and decreased time, likely due to 
carbon deposition [32] (Figure 8.8).  
 
Figure 8.8. Conversion data for activation of propane with Mo-SH catalyst (500 mg, 20 SCCM 
10% Propane/Ar, 550-6000C) 
Propylene selectivity was initially the highest, i.e. 86% and 92% for 5500C and 6000C 




























methane was observed (see supplementary fig. 3 & 4), much of which can be attributed to 
cracking of propane at these temperatures. Very small amount of benzene (2-3%) was observed 
and increased with time (not shown).  
Similar to ethane activation, propane also follows two step mechanism according to 
literature [192, 193], in which propane is activated in metal sites to generate propyl 
intermediates, which later follows either (a) hydrogen removal step to produce propylene or 
(b) cyclization step in presence of shape selective catalyst to form aromatics, followed by coke 
generation.  In this case, propane was observed to follow the former pathway, and so propylene 
was dominant (~80% selective) for both the temperature runs. This was followed by 
thermodynamically favored and more stable compounds like methane, ethane and i-butane. 
 
Figure 8.9. Selectivity to propylene for activation of propane with Mo-SH catalyst (500 mg, 20 
SCCM 10% Propane/Ar, 550-6000C) 
Lack of shape selectivity from sulfated hafnia has resulted in minimal production of 
aromatics [83], which eventually favored minimal coke formation in the catalyst.  
As previously discussed, the low selectivity to benzene and homologous hydrocarbons 
































for SH, or deactivation by carbon deposition with time, or the loss of sulfur sites at elevated 
temperature. Sulfur loss is confirmed by H2-TPR and ICP-OES (see supplementary section C). 
Sulfur sites are the source of acidity and are required to activate the intermediates formed on 
the metal active sites. In a similar study using homologous sulfated zirconia, Srinivasan et al. 
[143] reported from TGA analysis that at temperatures around 6500C, decomposition of O2 
from the ZrO2 structure is highly unlikely, leaving oxygen decomposition from SO4-2 to be the 
only possible explanation. Another possible explanation for the low selectivity to benzene and 
other aromatic compounds could be the lack of shape selectivity in the case of sulfated hafnia 
[66]. 
8.6 Temperature Programmed Oxidation 
The nature and quantity of carbonaceous deposits on the Mo-SH catalysts were 
measured by TPO after activation of ethane and propane at both temperatures for ~16 hrs on-
stream. Insignificant deactivation was observed due to carbon deposition at both temperatures. 
(Figure 8 and 9) Carbon deposition at both temperatures can be categorized as amorphous, 
which has a TPO peak position at 400⁰C-500⁰C, or polymeric carbon generated from aromatics, 
which has peak temperatures at 500⁰C-650⁰C range, or graphitic carbon with peak position 
ranged from 6500C and above [144, 194]. 
Figure 8.10 shows TPO results for spent catalysts after ethane conversion. TPO results 
on both catalysts show a peak at ~400⁰C, attributable to amorphous carbon formation. For the 
spent catalyst after the 5500C run, a TPO peak at 7000C, is due to graphitic carbon. This 
graphitic carbon is observed because for the 5500C run, there is not enough acidity to convert 




Figure 8.10. TPO data for 5% Mo-SH spent catalyst in ethane activation, 15 SCCM O2/He, 50 
mg catalyst, 5500C -6000C 
For the spent catalyst after the 6000C run, amorphous carbon is observed at ~4000C, 
with no graphitic carbon. A shoulder peak is observed at ~5200C, which can be attributed to a 
portion of the amorphous carbon that has been transformed to polymeric carbon due to the 
higher temperature.   
After 16 hrs on-stream, similar amounts of carbon deposition were observed for both 
catalysts. (Table 8.3) 
Table 8.3. Quantification for carbon deposition with TPO for ethane activation (after ~16 hours 
of reaction) 








Figure 8.11 shows TPO results for spent catalysts after propane conversion at 5500C and 6000C.  
 
Figure 8.11: TPO data for 5% Mo-SH spent catalyst in propane activation, 15 SCCM O2/He, 
50 mg catalyst, 5500C -6000C 
TPO results at both temperatures show a large peak at ~460⁰C, attributable to 
amorphous carbon formation. Absence of polymeric carbon at both 5500C and 6000C indicates 
negligible aromatics formation, which validates the observed reaction data.   
The spent catalyst for the 6000C run has more carbon deposition than the 5500C run (Table 
8.4). TPO and Table 4 show that carbon deposition is qualitatively very similar for the two 
temperature runs as measured by TPO peak temperature, but there is more of this carbon.   
Table 8.4: Quantification for carbon deposition with TPO for propane activation (after ~16 
hours of reaction) 








In this work, sulfated hafnia supported Mo solid acid catalyst is introduced for the first 
time to directly convert ethane and propane at low temperatures. BET showed that the surface 
area was not affected due to Mo loading, while SEM-EDS and XPS showed that the target Mo 
composition was close to the target loading. Stability of the acid sites of Mo-SH was confirmed 
with DRIFTS, while ammonia-TPD showed that the loading of Mo caused loss of acidity of 
the fresh catalyst after the 5500C and 6000C experiments. Transformation of the oxidation 
states of active Mo sites was observed with LIII edge XANES for the fresh and spent catalysts.  
For ethane conversion at reaction temperatures of 5500C and 6000C, the primary product is 
ethylene, and a small amount of methane, propane and benzene. TPO of the spent catalysts 
showed similar total amounts of carbon deposition, but different carbon properties: Both 5500C 
and 6000C runs contain amorphous carbon (TPO ~4000C), but the 5500C run contains graphitic 
carbon (TPO ~7000C) while the 6000C run contains polymeric carbon (TPO ~5200C). 
For conversion of propane at 5500C-6000C, primary products are propylene, including a small 
amount of methane, ethylene and benzene. TPO on the spent catalysts revealed mostly 
amorphous carbon formation (TPO ~4600C). The carbon is qualitatively very similar on both 









Chapter 9. Probing the Surface Acidity of Supported Aluminum 
Bromide Catalysts 
9.1 Introduction 
Acid catalysis is one of the most important area of modern catalysis, and is a key step 
in a number of chemical processes[7]. These catalysts are utilized in solid, liquid, or gaseous 
form. Liquid and gas phase acid catalysts often involve inorganic or mineral acids such as 
H2SO4, HBr, or HF. Although very effective, these catalysts suffer from several drawbacks: 1) 
difficult separation of products from the catalyst, 2) corrosiveness of the system, and 3) 
significant quantities of waste. However, solid acids can be directly separated from the 
products. Thus, solid acid catalysts can play a significant role in the environmentally friendly 
chemistry and sustainable technologies [15, 88, 89]. One important class of solid acids involve 
group IIIA halides: in particular aluminum halides [90-92].  
Solid aluminum halides are typically in the form of a dimer, e.g., Al2Cl6 or Al2Br6.  
Substantial monomer concentrations are present only at temperatures at or above 300-400 °C 
[93]. These halides are strong solid Lewis acids and are known to catalyze various types of 
reactions, including Friedel Crafts alkylation, acylation [94-96], alkane isomerization and 
cracking [96-98], and polymerization [96]. These catalysts can also catalyze both the 
decomposition and oligomerization of the alkyl bromides at elevated temperatures [94, 99-
102].  
Aluminum chloride, Al2Cl6, is a widely used acid catalyst in industry. Even though it 
is typically used as a solid, generation of inorganic and acidic waste through leaching remains 
a problem, making separation of products difficult.  
___________ 
This chapter was previously published as Md Ashraful Abedin, Swarom Kanitkar, 
Kumar Nitin, Zi Wang, Ding Kunlun, Hutchings Graham, James J. Spivey, “Probing the 
Surface Acidity of Supported Aluminum Bromide Catalysts,” Catalysts 10(2020): 869. 




This has led several researchers to investigate the possibility of supporting Al2Cl6 on 
various types of solid supports like SiO2 [103-112], Al2O3 [113], mesoporous silica like MCM-
41 [114, 115], polystyrene [116-118] etc. These supported aluminum chloride catalysts showed 
high activity in various acid-catalyzed processes including alkylation [119], polymerizat ion 
[109, 113], isomerization [104], and Mannich synthesis [108] .  
Characterization of solid acid catalysts requires a range of different analytical 
techniques including Fourier Transform Infra-Red (FTIR) spectroscopy with pyridine as a 
probe molecule [104, 108, 109, 115, 195], NH3-Temperature Programmed Desorption (TPD) 
[115, 185], solid state Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 
spectroscopy (27Al [109, 195, 196], 1H [108], 29Si [196]), titration with various Hammett 
indicators (m-nitrotoluene, p-nitrotoluene etc.) [112], isomerization of n-butane to isobutane 
as test reaction [197].  
Al2Br6 is another acid catalyst, which has stronger Lewis acidity compared to Al2Cl6 
based on Fluoride Ion Affinity [198]. However, it is seldom used in the industry, primarily due 
to waste problems associated with Al2Br6. To address this problem, in principle Al2Br6 can be 
supported on a solid support to produce a strong solid acid catalyst. However, the concept of 
supporting Al2Br6 has been reported in relatively few papers [199]. One logical approach is to 
replace Al2Cl6 with Al2Br6 in a number of reactions [200-203].  Silica-supported Al2Cl6 acid 
catalysts can be synthesized by reacting Al2Cl6 with the surface hydroxyls, and it is logical to 
determine if a similar technique could be used to support Al2Br6.  
To our knowledge, no characterization techniques have systematically probed the 
strength and activity of supported Al2Br6 catalysts in acid-catalyzed reactions of practical 
interest. Hence, the objectives of our study are to (a) prepare supported Al2Br6 catalysts  (b) 
characterize these supported catalysts with 27Al MAS NMR to analyze Al co-ordination in the 
catalyst; (c) probe surface acidity using NH3-TPD, and pyridine-DRIFTS, and 1-butene 
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isomerization; and (d) determine thermal stability of surface acid sites using high-temperature 
pyridine DRIFTS.  Al2Br6 was supported on SiO2 gel, and two other mesoporous silica-based 
supports (MCM-41, SBA-15).  
These three catalysts are designated as ABSi (Al2Br6 supported on SiO2), ABM4 
(Al2Br6 supported on MCM-41), and ABSB (Al2Br6 supported on SBA-15). 
9.2 Materials and Methods 
Materials 
Al2Br6 (anhydrous, 98%) was purchased from Alfa Aesar Inc. SiO2 gel was purchased 
from PQ Corporation. Mesoporous silica materials (MCM-41, and SBA-15) were purchased 
from Bonding Chemical, TX. Toluene (Anhydrous, 99.8+ %) was purchased from Sigma 
Aldrich Inc. Vapor phase pyridine in Argon (UHP grade) was purchased from Praxair Inc. 
NH3/He gas mixture was purchased from Airgas Inc. 1-butene (500 ppm) in Argon was 
purchased from Airgas Inc. 
BET and Pore Size Distribution 
BET and pore size distribution of the supports and catalyst materials were carried out 
using Altamira-200 and Micromeritics ASAP 2020 Plus instrument respectively. In a typical 
degassing sequence, catalysts were evacuated in 15 μm Hg at 350 °C for 3 hours and were 
subsequently cooled to room temperature before actual pore size distribution measurements 
were done. For calculations, Desorption branch of isotherms and Broekhoff De Boer curve 
thickness equation was used. 
Catalyst Preparation  
Three different supported Al2Br6 catalysts were prepared following the literature 
methods for supported Al2Cl6 catalysts [106, 119, 195], naming ABSi (Al2Br6 supported on 
SiO2), ABM4 (Al2Br6 supported on MCM-41), and ABSB (Al2Br6 supported on SBA-15). In 
a typical preparation, Al2Br6 (2mmol) are mixed with anhydrous toluene (50 ml) and the 
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mixture was refluxed for 2 h, following which pre-dried support (5 g, dried at 300 °C for 16 h 
and further vacuum dried at room temperature for 6 h) is added and then refluxed for 3 h, 
followed by cooling to ambient temperature and filtered using vacuum pump and finally dried 
for 16 h under vacuum. The dried catalyst powder was then weighed and stored under an inert 
atmosphere for further use. Al2Br6 being moisture sensitive, all the materials were handled 
under inert atmosphere using a glovebox and Schlenk flasks.  
Elemental Analysis 
Ratio of Si/Al from the elemental content was calculated using PIXE (Proton Induced 
X-ray Emission) technique at Elemental Analysis Inc. (EAI), KY. Because Bromine would be 
incorporated at the surface rather than in the bulk, ratio of Br/Al was calculated using Kratos 
AXIS 165 XPS instrument at LSU Shared Instrumentation Facility (SIF).  
DRIFTS 
Pyridine was used as a probe molecule in Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy (DRIFTS) experiment. A Thermo Scientific Nicolet 6700 FTIR 
equipped with Harrick Praying Mantis reaction cell fitted with KBr windows was used to carry 
out the experiment. IR cell was loaded with the catalyst sample inside the glovebox to avoid 
air and moisture exposure. Helium was introduced in the cell, followed by pretreatment at 100 
°C for 30 min to clean the surface from adsorbed impurities. Sample was cooled down to 25 
°C after pretreatment and a background spectrum was recorded with a spectral resolution of 4 
cm-1 in region going from 4000 – 650 cm-1. Catalyst was saturated with gaseous pyridine for 
180 min at 25 °C. He was later introduced again in the post saturation step to remove 
physisorbed pyridine from the catalyst surface as well as the cell chamber. Sample was then 
treated at 100ºC for 10 min and cooled back to room temperature and the actual spectrum was 
recorded. Similar spectra were recorded at room temperature after 10 min. Treatments were 
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done at 150 °C, 200 °C, and 300 °C to investigate the thermal stability of the acid sites on 
catalysts.  
Ammonia-TPD 
Altamira AMI-200 reactor system in conjunction with Ametek Mass Spectrometer was 
used to run Ammonia-TPD. 25 mg of the prepared catalyst was loaded on a quartz tube reactor, 
followed by pretreatment. Temperature was ramped up to 100 °C under 30 sccm of He for 30 
min to get rid of any weakly adsorbed particles. Sample was then cooled down to 50°C under 
He, before introducing 40 sccm of 5% NH3/He to start NH3 adsorption process for 60 mins . 
25 sccm of He was flown for 40 min to remove any residual ammonia. TCD detector was later 
turned on and the temperature was ramped up at 10 °C/min. from 50 °C to 500 °C.  Based on 
the combination of Ammonia (m/e =16) signals from MS and the signal from TCD, amounts 
of ammonia desorbed and peak positions were calculated to quantify the corresponding acid 
sites available on the catalyst. 
MAS NMR measurements 
Solid state 27Al MAS NMR spectra for all three catalysts were recorded at 104.23 MHz 
in a Bruker AV-400 spectrometer equipped with a 4 mm probe and at a MAS speed of 12 kHz. 
Recovery time of 0.1 s was allowed between the 0.55 μs pulses that correspond to 10o flip 
angle, and 75000 scans were recorded for each sample. Chemical shifts (ppm) corresponding 
to 27Al were referenced to 0.5 M solution of Al(NO3)3 in water. 
Double bond isomerization 
Positional isomerization reaction of 1-butene to 2-butene (cis, trans) can be catalyzed 
by both acids and bases. In order to test the activity of the acid sites on the AlBr3 supported 
catalysts, double bond isomerization of 1-butene was carried out in an Altamira AMI 200HP 
reactor system equipped with a glass lined SS tube. In a typical experiment, reactor tube would 
be loaded with 0.1 g of catalyst and small quantities of 1-butene (500 ppm) in Argon would be 
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passed over the catalyst bed. Reaction products were analyzed downstream using Shimadzu 
GC2014 (FID) equipped with Restek RT-Q-Bond column (30 m x 0.53 mm x 20 μm). 
9.3 Results and Discussion 
BET and Pore Size Distribution 
Pore properties of the three supports used in the synthesis of the catalysts are shown in 
the Table 9.1. Among the three supports silica gel showed the highest pore volume but lowest 
surface area. Mesoporous silica materials showed surface areas at around 650 – 750 m2/g.  
Table 9.1 Physical properties of the supports. 
Catalyst SBET (m2/g) 
Pore Volume 
(cm3/g) 
SiO2 gel 300 2.00 
MCM-41 638 1.12 
SBA-15 735 0.72 
 
Figures 9.1, 9.2, and 9.3 show the BJH pore size distribution of the three supports.  
 

















































MCM-41 has slightly less area than expected that could partly be due to incomplete 
crystallization of materials during synthesis that also could be confirmed by the pore size 
distribution seen in Figure 9.1. Silica gel (Figure 9.1) has wide range of pore sizes ranging from 
10 nm to 50 nm, as expected. MCM-41 and SBA-15 materials (Figure 9.2 and Figure 9.3) have 
very small but uniform pore sizes. Pore size for MCM-41 (Figure 9.2) ranged from 1 nm to 
almost 25 nm although most of the pores had sizes from 2 to 5 nm. This can be due to 
insufficient time for crystallization or improper crystallization conditions. Contrary to this, 
SBA-15 had a very narrow pore size distribution with an average pore size around 3 nm (Figure 
9.3).  
 
Figure 9.2. BJH pore size distribution for MCM-41. 
 




































































































Table 9.2 shows the physico-chemical properties for the three catalysts. Surface area of 
the catalysts decreased as a result of the addition of Al2Br6 to the silica support, as expected.  
Si/Al ratio was calculated using PIXE and Br/Al ratio was calculated using XPS. Si/Al ratio 
was close to 20:1 for all three catalysts whereas, Br/Al ratio was close to 1.0 for all the catalysts. 
This indicates that structure 1 is more likely than the structure 2 (Figure 9.4).  
Table 9.2. Physico-chemical properties of the catalysts 
Catalyst 






ABSi 260 18.5 0.99 
ABM4 600 23.3 0.96 
ABSB 717 27.1 1.01 
 
 
Figure 9.4. Possible structures of prepared catalyst 
DRIFTS  
In conjunction with a weakly basic molecule like pyridine (proton affinity = 930 kJ/mol, 
pKb ~ 9), FTIR can be used to clearly identify and distinguish between: Lewis (L) and Brønsted 
(B) acid sites. Pyridine bound to a Lewis acid site, i.e. coordinately bonded pyridine, displays 
bands in the frequency range of around 1447-1460 cm-1, and 1620-1633 cm-1 whereas, pyridine 
bound to a Brønsted acid site i.e. pyridinium ion displays bands in the frequency range of 
around 1540 cm-1, and around 1630 – 1640 cm-1 [204]. Also pyridine bound to Lewis + 
Brønsted (L+B) acid site shows bands in the frequency range of around 1485 – 1490 cm-1 [104, 
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108, 109, 115, 195]. The frequency increase of the band can be correlated to the strength and 
stability of the site. 
The sample pretreatment temperature has a significant effect on the type of spectra after 
pyridine adsorption. Especially if supported AlX3 samples are pretreated above 150 – 200°C 
before pyridine adsorption, loss in Brønsted acid sites could be observed through loss of OH 
groups via dehydration [109, 115, 119, 195]. Similar results were also observed in the case of 
ZSM-5 [205] wherein the samples pretreated at 400 °C, showed very low concentration of 
Brønsted acid sites.  
Silica (SiO2) is very weakly acidic. So it was expected not to show any strong pyridine 
adsorption, which is confirmed for all the three supports. All the three supports only showed 
two principal peaks at 1447 cm-1 and 1599 cm-1 that most likely correspond to hydrogen-
bonded pyridine i.e. –OH bound pyridine on the silica surface and these peaks also disappear 
upon treatment of the catalysts at higher temperatures.  
 
Figure 9.5. DRIFTS spectra for ABM4 after pyridine treatment at various temperatures 
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Figure 9.5 shows DRIFTS spectra for ABM4 catalysts at various temperatures after 
adsorption of pyridine. It shows three types of acid sites: (L)~ 1454 cm-1 and 1625 cm-1, (L+B) 
~ 1490 cm-1, (B) ~ 1541 cm-1, and ~ 1638 cm-1. Up to 150 °C, one can clearly see bands for 
pyridine coordinated with three different types of acid sites: (L)~ 1450 cm-1 and 1625 cm-1, 
(L+B) ~ 1486 cm-1, (B) ~ 1536 cm-1, and ~ 1636 cm-1. Above 200 °C treatment, only a small 
intensity peak could be observed around 1541 cm-1 indicating that above 200 °C, Brønsted acid 
sites are not stable.  This is expected because the Brønsted acidity arises from the presence of 
hydroxyl groups, which are removed by dehydration beyond 200 °C. Whereas, Lewis acid sites 
are still present at 300°C,and are more stable than the Brønsted sites.  Similarly, acids sites 
corresponding to (Lewis + Brønsted) type appear to be stable up to 300 °C. However, these 
peaks at higher temperatures are not highly intense most probably due to rearrangement at high 
temperatures that produces stronger but fewer sites. 
 
Figure 9.6. DRIFTS spectra for ABSB after pyridine treatment at various temperatures 
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In the case of ABSB, no peaks corresponding to Brønsted acid sites at temperatures ≥ 
200 °C can be seen from Figure 9.6. However, one interesting feature for the ABSB catalyst is 
that, when treated at higher temperatures i.e. from 100 °C to 300 °C, there is a decrease in the 
intensity of peaks corresponding to Brønsted acid sites, whereas, the intensity of peaks 
corresponding to Lewis acid sites increased. The increase in Lewis acid sites could be due to 
rearrangement of Brønsted acid sites upon loss of –OH groups at higher temperatures[205].  
Figure 9.7 shows DRIFTS spectra for ABSi catalyst at various temperatures after adsorption 
of pyridine. As expected, the spectra follow the similar trend of other mesoporous silica 
supported catalysts, ABM4 and ABSB. However, when the ABSi peak at 1450 cm-1 is 
deconvoluted, it is found to be a combination of two peaks, one hydrogen bound pyridine (1447 
cm-1) and the other a Lewis acid site peak (1454 cm-1).  
 
Figure 9.7. DRIFTS spectra for ABSi after pyridine treatment at various temperatures 
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There is a single peak only after treatment at 300 °C which probably corresponds to a 
strong Lewis acid site (~1456 cm-1). This is expected as hydrogen bound pyridine would desorb 
at this temperature of 300 °C.  
It was observed from pyridine DRIFTS on the three catalysts that, at the reaction 
temperature of 200 °C, the acid sites generated after Aluminum bromide deposition on different 
supports are mostly stable, which is true for both the Brønsted and Lewis sites.  
Ammonia-TPD  
Ammonia is a strong base molecule (pKb ~ 4.75) and thus is adsorbed on a range of 
acid sites (weak to strong). This makes it difficult to distinguish the Lewis and Brønsted sites 
on the surface. However, NH3-TPD provides a quantitative probe of the overall acidity of the 
catalyst and can be used to characterize the supported Al2Br6 catalysts of interest here.  
Figure 9.8 shows MS signals for ammonia that was desorbed from ABM4 catalyst and 
from the base MCM-41 too. For the base MCM-41, almost no acidity was observed except for 
a very small peak around 140 °C that corresponds to the weak acid sites (most likely due to 
hydroxyl groups).   
 




















TPD of all supports and catalysts
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For this catalyst, peaks at around 133 °C, 175 °C could be observed upon 
deconvolution. The first peak observed corresponds to weak acid site: mainly hydroxyl groups 
and the peak at 175 °C can be attributed to moderate acid sites [119, 206, 207]. For peak 
temperatures above 300 °C, insignificant ammonia desorption could be observed from MS 
signals from Fig. 8, indicating the absence of very strong acid sites.  
All three catalysts showed two peaks upon deconvolution, indicating two types of acid 
sites as shown in Table 9.3. These two sites correspond to weak-to-medium strength acid sites.  
Table 9.3. De-convoluted peak positions for NH3-TPD curves 
Catalyst Peak 1 (°C) Peak 2 (°C) 
ABM4 133 175 
ABSi 144 179 
ABSB 143 195 
 
ABSB showed highest amount of NH3 desorbed (as measured by concentration) as 
could be seen from  
Table 9.4. This could have been due to high Si/Al ratio as seen from PIXE analysis 
[208]. These differences in peak positions could also be because of different types of site 
formation on the silica surfaces.  
Also, SBA-15 has stronger interaction with H2O molecules (in turn –OH groups) inside 
the pore, as compared to MCM-41, which  might have been the cause of the difference [209]. 
Further, surface structures found on different silica surfaces result in different surface reactivity 
and also in different binding strength. This indicates that acidity is very much related to the 




The density of silanol groups on the silica surfaces can also vary leading into different 
types of acid sites [210]. All of these factors could lead to the observed differences in the types 
of acidities and peak positions. 
Table 9.4. Summary of NH3-TPD results 
Catalyst → ABSi ABSB ABM4 
Si/Al ratio 18.5 27.1 23.3 
Ammonia adsorbed (μmol/g) 606 622 357 
Ammonia adsorbed on 








Ammonia adsorption coming 
from Al insertion (μmol/g) 
476 543 346 
Al content (based on 16.64 
mmol SiO2/g) 
0.90 mmol 0.62 mmol 0.71 mmol 
NH3/Al 0.54 – 0.67 0.87 – 1.00 0.50 – 0.51 
 
27 Al MAS NMR 
Figure 9.9 shows the MAS 27Al NMR spectra for all the three catalysts.  These catalysts 
did show similar shifts for 27Al NMR, indicating that pore structure did not influence the co-
ordination type of Al and similar type of hydroxyl groups that were available for reaction. For 
these catalysts, three peaks could be seen, which are at NMR shifts of around 2 ppm, 30 ppm, 
and 50 ppm. These could correspond to 6 co-ordinated, 5 co-ordinated, and 4 co-ordinated 
aluminum [115, 119, 196].  The 6 co-ordinated aluminum peaks might have largely been due 
to exposure to moisture while loading of the rotor (carried out in presence of air). This similar 
effect was seen in the Al2Cl6 grafted silica samples when they were loaded into the rotor 
without Teflon tape and were exposed to some amount of moisture [196].  
143 
 
5 co-ordinated aluminum could be co-ordinated with 2-Br atoms, 2 –OH groups (silanol 
groups) and 1 O atom and would most likely be a Brønsted site. 
 
Figure 9.9. 27Al NMR for the three catalysts a) ABSi (b) ABM4 (c) ABSB 
The 4 co-ordinated aluminum could be co-ordinated with 2-Br atoms, 1 –OH group 
(silanol group) and 1 O atom and would most likely be a Lewis acid site (being electron 
deficient) [119]. Also it is said that 5 co-ordinated site arises through interaction of AlX3 with 
a geminal silanol group and 4 co-ordinated through interaction with 2 silanol groups [115]. 
Based on the results from 27Al NMR, following structures (Figure 9.10) are consistent with the 
results shown here for silica supported Al2Br6 catalysts and are similar to the supported Al2Cl6 
catalysts [196]. 
 
Figure 9.10. Possible structures of silica supported Al2Br6 catalysts 
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Double bond isomerization of 1-butene 
Reaction data at 100 °C and 200 °C and at different WHSV are recorded in Figures 
9.11 & 9.12. At room temperature, none of the catalysts showed any appreciable activity. For 
the space velocity of 66 L/gcat-hr ( based on total inlet flow), at 100 °C, conversions were very 
low (< 5 %) for double bond isomerization of 1-butene (Figure 9.11). However, at 200 °C, all 
the three catalysts showed strong activity in isomerization of 1-butene to 2-butene (both cis 
and trans).  ABM4 especially showed conversion values of around 84% with trans selectivity 
around 40 % and cis-2-butene to be around 60%.  
Other two catalysts showed roughly similar values, 22 % conversion and product selectivities 
around 30% and 70% for trans and cis-2-butene respectively.  
 
Figure 9.11. Reaction data for the isomerization of 1-butene at (a) 100 °C (b) 200 °C, 66.6 
L/gcat-hr, 1 atm 
When the space velocity was decreased to 30 L/gcat-h (based on total inlet flow), 
conversion of 1-butene increased significantly (Figure 9.12), with higher selectivity to Cis-2-
butene at 100 °C. However, at 200 °C, conversion as well as Tran-selectivity increased. ABM4 
showed excellent results at 200 °C with conversion reaching as high as 98% with a higher 
selectivity towards Trans-2-butene. This standout performance of ABM4 with comparison to 
the other catalysts can be attributed to the presence of slightly stronger acid sites (both Lewis 
and Brønsted) at 200 °C. Although, NH3-TPD showed that ABM4 had least ammonia 
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adsorption, it is possible that ABM4 had stronger but fewer acid sites on the surface compared 
to other two catalysts. 
The ratio of cis/trans isomers was typically greater than one at higher space velocities 
(and therefore at lower conversions).  At lower space velocities, the cis/trans ratio decreased to 
the more thermodynamically stable ratio.   
 
Figure 9.12. Reaction data for the isomerization of 1-butene at (a) 100 °C (b) 200 °C, 30 L/gcat-
hr, 1 atm 
At reaction  temperatures above 200 °C, trace levels of some high carbon-number 
products like C5 and C6 were also observed (not shown) that could have been due to 
oligomerization. This suggests the possibility of the presence of higher carbon number products 
that might form coke on the catalyst surface. Because 200 °C is too low to induce cracking, no 
other significant side-products were observed. These results confirm the presence of weak to 
moderate acid sites on the surface of these catalysts that are selectively able to isomerize 1-
butene into 2-butene. High activity of Al doped MCM-41 catalyst is attributed to the active H 
site of silanol groups [211], which also appears to have contributed to the observed activity. 
9.4 Conclusion 
This work includes the study of Si/Al oxide based Aluminum Bromide solid acid 
catalysts based on their surface acidity. PIXE analysis showed that the Si/Al ratio was close to 
20:1 for all the catalysts. XPS probing of the surface of the catalysts suggested a 1:1 Al:Br 
ratio, indicating that Al is most probably bonded to 2 O atoms from silica and 1 bromine. ABSB 
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catalyst showed highest acidity qualitatively from DRIFTS, in quantitative agreement with 
NH3-TPD results. Although ABM4 showed lower acidity, DRIFTS showed that it had stronger 
acid sites but fewer of them. This is consistent with the observed strong activity of ABM4 in 
double bond isomerization of 1-butene to 2-butene. High temperature DRIFTS experiments 
showed both Lewis and Brønsted stable acid sites up to 200 °C. Above 200°C, primarily only 
Lewis acid sites were present. NH3-TPD indicated the presence of weaker acid sites and did 
not show the presence of strong acid sites (> 300 °C). 27Al MAS NMR results showed primarily 
4, 5, and 6 co-ordinated aluminum in the case of these supported catalysts confirming that –Br 
from Al2Br6 reacted with –OH groups on silica surface and further confirming that Al2Br6 are 
bound to these supports. Al doped MCM-41 was found to be the most active catalyst for the 
isomerization of 1-butene, with thermodynamically stable cis/ trans ratio. Conversion of 1-
butene towards 2-butene reached the highest at 98% in presence of ABM4 when the 












Chapter 10. Direct Catalytic Low Temperature Conversion of CO2 and 
Methane to Oxygenates 
10.1 Introduction 
Conversion of fossil fuel to value-added chemicals has always been a challenge in 
modern research.  Along with the growth of population and human civilization, a greater 
demand to convert fossil energy in an economic way has been on the rise. Significant research 
focus has been established around the 20th century onwards to find a greener approach to 
convert fuel resources such as natural gas, coal and oil. Even though coal and oil have wide 
applications, natural gas is considered to be a cleaner and more energy efficient source of 
energy [27].  
Owing to recent shale gas revolution, the availability of natural gas has opened up the 
opportunity to produce value-added chemicals from it’s primary constituent methane, a 
greenhouse gas responsible for global warming. However, conventional ways for conversion 
of natural gas require additional energy (Spivey and Hutchings [27], which make the existing 
processes less environment friendly and very expensive. 
An important by-product from natural gas conversion is CO2, another well-known 
greenhouse gas which has disastrous impact when it’s limit exceeds in the atmosphere. 
Conversion of natural gas in an energy efficient way while addressing this CO2 increase is a 
challenge that is yet to be solved by modern day engineering.  
An energy efficient way to convert both methane and CO2 to value-added chemicals can be 
their direct activation to fuel additives known as oxygenates, under specific reaction conditions 
of interest.  
___________ 
This chapter is accepted and soon to be published as Ashraf Abedin, James J. Spivey, 
“Direct Catalytic Low Temperature Conversion of CO2 and Methane to Oxygenates,” 
Advances in Sustainable Energy-Policy, Materials and Devices 8(2021): 1-905. Reprinted by 





10.2 Methane and CO2: Major Natural Gas Constituents  
Natural Gas Derivatives 
Among the existing fossil fuels around the globe, production of natural gas has reached 
the highest peak in recent years. The Annual Energy Outlook 2020 published by the U.S. 
Energy Information Administration projects a steep increase in the production curve of natural 
gas by 2050, as observed in figure 10.1. An increasing attention towards natural gas has been 
observed as various environmental issue and scarcity of crude oil has started to emerge in 
energy sectors. Primary sources of natural gas include oil and gas fields as well as coal mines, 
with methane being the primary constituent. According to a recent report by EIA, a total 
volume of 188 trillion cubic meters of natural gas reserves have been confirmed in 2019 around 
the world, with 30.5% available in Europe and Eurasia, 24.9% in the Middle east, 8.2% in the 
Asia Pacific, 7.3% in Africa, 6.6% in North America and 4.7% in the Middle and South 
America region[20].  
In terms of general usage, most of the available natural gas is used for interior heating 
and power generation, while a major portion of it is just flared into the atmosphere. According 
to a study in 1970, 49% oil, 29% coal and 18% natural gas were consumed as energy in global 
basis, whereas, in 2015, this energy consumption rates changed to a natural gas and coal 
consumption of 24% and 30% respectively, while oil consumption was reduced to 33% of the 
total usage[21]. This is a clear indication that basis of fossil energy usage has been shifted from 
crude oil to natural gas in last few decades. To meet this increasing demand of natural gas, a 
surge in natural gas production is observed worldwide.  
In the U.S. alone,  natural gas production continues to grow in both share and absolute 
volume because of the improvements in technology that allow for the development of these 
resources at lower costs. These result in a huge uptrend in production of shale gas which is 
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projected to increase as high as 40% in terms of volume in the next 30 years, according to U.S. 
EIA[22].  
 
Figure 10.1. U.S. natural gas production- history & projection (reproduced from EIA, Annual 
Energy Outlook 2020) 
This projection for natural gas production is expected to continue in near future, owing 
to advancement in technology such as horizontal drilling, fracking, novelty in gas field 
extraction etc. As a result, shale gas, which is known as a rather unconventional natural 
resource, is set to be major natural energy reserves for Northern America region[23]. Apart 
from this, conventional resources of natural gas such as tight gas wells , crude oil reservoirs, 
coal beds and methane clathrates have also progressed, which increase the reserves per 
production (R/P) ratio of overall natural gas production[24].  
Natural gas is regarded as a cleaner fossil fuel resources compared to coal and oil 
because these gas molecules contain higher hydrogen to carbon ratio than the other two, which 
help to reduce carbon footprints[25]. But usage of natural gas is limited due to its low energy 
density per unit volume, which has limited it’s transportation and storage efficiency. Currently, 
the only viable method of transporting natural gas to remote areas is liquefaction. In most of 
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the cases, natural of is liquified to LNG, and processed through pipelines[26], which is not an 
economically feasible procedure.  
Apart from light alkanes, a major component of natural gas is CO2. A recent analysis 
has revealed that natural gas can contain up to 8% of CO2. Apart from this, combustion of fossil 
fuel is responsible of producing 87% of the total CO2 around the planet, of which, natural gas 
is responsible for 20%.  
 
Figure 10.2. Major constituents of Greenhouse gas (Source: IPCC’s Fifth Assessment Report 
2014) 
The total amount of carbon dioxide used in industry is approximately 115 x106 metric 
tons per year[212]. Major industrial processes that utilize CO2 as a raw material are urea, 
methanol, salicylic acid and inorganic carbonates. Ironically, most of these processes that 
incorporates CO2 as a result of these transformations end up releasing CO2 in the atmosphere. 
Despite this fact that the related industries are unable to significantly reduce the atmospheric 
level of CO2 globally, it is still believed that commercially feasible route for fixation of CO2 
into value added chemicals is yet to be discovered and requires immediate research attention.  
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This has brought up a lot of research attention to limit greenhouse gas (GHG) emission 
by reducing the total amount of CH4 and CO2 in the atmosphere. From the figure 10.2, it can 
be observed that CO2 and CH4 account for 77% and 16% of the total emission of GHS, 
respectively.  
According to the fifth assessment report of the Intergovernmental panel on Climate 
Change (IPCC 2014), 25% of the GHG emission is sourced from electricity and heat 
production, which are the major applicants of natural gas. This is responsible for global 
warming, which according to climate experts, will be the major reason for extinction of massive 
numbers of animal species in the projected future, including humankind.  
Developing novel reaction routes to convert methane and CO2 simultaneously to high 
value chemical products is a major challenge for the modern science. Developing such methods 
will not only provide efficient ways to utilize natural gas to its full potent, but also help maintain 
ecological balance by reducing the total emission of GHS in the environment.  
Activation of methane & CO2: thermodynamic challenges 
In search of finding a commercially viable route for proper utilization of CO2 and 
methane, enormous scientific interest has been raised in recent years. But activating these gas 
molecules is both thermodynamically and economically challenging.  
Considerable numbers of literature have been published that discuss possible routes for 
CO2 conversion as well as catalytic approaches related to direct activation of CO2. These 
approaches can be divided into two major groups: 
Reactions involving direct activation of CO2 molecule: This approach activates CO2 as 
a on a molecular basis in presence of an organic substrate, which helps with CO2 fixation and 
provides the required energy to trigger CO2 molecule. Because this involves molecular 
rearrangement to produce the target product, it requires limited energy supply and hence occur 
at lower temperatures (-23 to 1300C) 
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Reactions that indirectly activates CO2 into intermediate products: This involves the 
presence of a reducing agent such as hydrogen or hydrogen-rich molecules, or heat as external 
energy supply. Indirect activation of CO2 involves high temperature reaction to give 
intermediate gas products, which further reacts to produce the final product. This approach is 
currently adopted in the CO2 utilization industries, which occur at fairly high temperatures 
(400-8500C) 
For these reactions to occur, activation of CO2 by breaking it’s stable O=C=O bonds is 
necessary. This involves significant energy supply, as CO2 possesses high thermodynamic 
stability, which is even higher than methane itself. O=C=O has a linear structure with bond 
strength of 532 kJ/mol. Gibbs free energy of CO2 formation attributes to a large negative value 
of -394.65 kJ/mol (calculated with HSC Chemistry©), which is indicative of it’s energetically 
unfavorable reactivity.  
Similar to CO2, methane is also a highly stable and structurally symmetric molecule, 
attributing to its strong inertness towards reactions. A tetrahedral geometric structure with four 
equivalent C-H bonds gives it’s molecule resistivity to chemical exposure. Each C-H bond in 
methane possesses bond strength of 434 kJ/mol (calculated with HSC Chemistry©), which is 
the highest in all alkanes, and requires high temperatures to trigger it’s activation. Additionally , 
derivatives from methane direct activation often have bond energies lower than methane itself, 
making those exposed to further reactions and possible consumption due to side reactions that 
may spontaneously occur. methane activation follows the following reaction pathways based 
on the literature: 
• Direct activation to oxygenates and value-added chemicals (no intermediates, 
require low to moderate temperature of 130-3500C)  
• Oxidative coupling to produce heavier hydrocarbons (requires oxidative agents and 
fairly high temperature of over 5000C) 
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• Indirect activation to produce syn gas as intermediate reactants (via steam 
reforming, dry reforming, bi-reforming, partial oxidation etc, need high temperature 
ranged from 550-10000C, observed in figure 7.3) 
Despite the considerable research focus in search of a thermodynamically viable  
reaction system, a readily applicable solution has yet to emerge in satisfactory yields or 
selectivities. Typical challenges in the existing catalytic approaches include sintering of 
catalysts[180], formation of coke on surface[13] and cracking of reaction products due to 
extensive C-Hand C-C bond breakdown[19], as well as increased nonselective combustion of 
alkanes[36], during high-temperature alkane conversions. These can be addressed by keeping 
the reactions at lower temperature region, i.e., by production of oxygenates from activation of 
methane and CO2 using catalytic approaches. 
 
Figure 10.3. Temperature dependent activation of methane with CO2 at 1 atm and molar ratio 
of CO2 : CH4 = 1[213] 
Such processes have been demonstrated successfully in the literature, but to scale these 
up for industrial purposes remains a great challenge for modern day catalysis. 
Oxygenates 
Oxygenates are organic compounds with oxygen molecules, which are typically used 
as fuel components and chemical precursors. As fuel components, oxygenates can be used in 
either gasoline or diesel to reduce the emission of CO and soot. 
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Traditional oxygenates refer to alcohols, ethers and acetates. A list of hydrocarbons that 
are considered as fuel oxygenates are mentioned here. Many thorough studies have covered a 
complete set of oxygenates [214]. In addition, numerous studies have focused on specific 
oxygenate groups[215]. These are all fuel based oxygenates and are heavily accommodated in 
gasoline and diesel. 
Oxygenates are added in different fuels based on length and types of alkyl chains. 
Oxygenates that have hydrocarbon chains with higher molecular weights generally possess 
higher cetane number, boiling point, lubricity & density, along with lower flammability , 
volatility & viscosity[216]. These properties are essential for heavier fuel like diesel, and so 
oxygenates with higher molecular weight are preferred as diesel fuel components[217].  
Table 10.1. The general structure of oxygenates 
Functional groups Oxygenates 
R-OH Alcohols 
R-O-R Ethers 




R=hydrocarbon chain; C=carbon; 
O=oxygen 
  
There are a few important fuel properties that play key roles in selection of oxygenates 
for a particular fuel. Oxygenates are polar in nature, whereas, hydrocarbons in general are non-
polar by nature. This state of immiscibility can be a deciding factor for choosing oxygenates. 
A compound’s miscibility depends on its chemical structure as well as available oxygen 
contents. For example, the most polar oxygenates are methanol and ethanol, which are not 
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miscible with fuel, with exception of emulsions. On the contrary, less polar oxygenates like n-
pentyl ether are easily miscible with fuel as additives[218]. 
Another dominating property of oxygenates is their auto-ignition feature, which is 
expressed by their cetane number. A high cetane number means the fuel has good ignition 
quality, which is essential for proper combustion and low exhaust emissions[219]. An increase 
in hydrocarbon chain length produces fuels with high quality ignition. Paraffins with straight 
chains have the highest cetane number, whereas aromatics have the lowest.  Avoiding using 
oxygenates with branching alkyl chains improve the cetane number[215]. Molecules with three 
ether groups in structure have high cetane number, which is also observed for molecules with 
oxygen atom at central or at omega positions. Ester based oxygenates contain average cetane 
number[220].  
As fuel consumption depends on the volumetric intake, having a fuel with lower density 
means the requirement of more energy supply in high volume. Oxygenates having high energy 
density are thus required to provide the fuel with maximum power output[215]. Oxygenates 
that are highly viscous can help fuels to stop leakage, whereas, too much viscosity in fuel may 
overload injection system. These are key properties to be observed in oxygenates before 
deciding to use them as additives to improve fuel system.  
There are a few important fuel properties that play key roles in selection of oxygenates 
for a particular fuel. Oxygenates are polar in nature, whereas, hydrocarbons in general are non-
polar by nature. This state of immiscibility can be a deciding factor for choosing oxygenates. 
A compound’s miscibility depends on its chemical structure as well as available oxygen 
contents. For example, the most polar oxygenates are methanol and ethanol, which are not 
miscible with fuel, with exception of emulsions. On the contrary, less polar oxygenates like n-
pentyl ether are easily miscible with fuel as additives[218]. 
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Oxygenates are mainly used as additives in fuel, to remove particulate matter (PM) such 
as SOF and soot[221] (Figure 10.4). Using oxygenates that can provide as low as 1% of oxygen 
in fuel system can reduce PM emission from 3 to 15%[222, 223]. 
The numbers can dramatically increase with the addition of oxygenates having higher 
hydrogen-to-carbon ratio. Depending on the available functional groups, oxygenated fuel 
brings oxygen molecules in the combustion process. This occurs due to formation of strong C-
O bonds when oxygen react with soot and CO and release them in the atmosphere as gaseous 
products[224]. 
 
Figure 10.4. Components of diesel particulate matter for a heavy-duty engine (AMF Annex 
Report 2005) 
10.3.  Methane & CO2 to Oxygenates 
Role of oxidizing agents  
Oxidizing agents are known as the ‘electron acceptors’ which have the ability to oxidize 
it’s co-reactant by reducing themselves in a chemical reaction. Oxidizing agents transfer 
oxygen atoms to a substrate. Common oxidizing agents are O2, O3, H2O2, S, NO, CO2, 
Halogens etc[24]. Reduction of methane requires the presence of heterogeneous catalysts, 
typically zeolites, colloidal bimetallic nanoparticles, organometallic compounds etc.[225, 226], 
along with oxidizing agents such as O2, H2O2, NO and CO2.   
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Moderate (200-5000C) to high (600-11000C)  temperatures are necessary to selectively 
oxidize methane with O2 to valuable oxygenates and syn gas[36, 227]. To avoid overoxidation, 
water stream is occasionally introduced during the reaction[228, 229] . This is done to suppress 
the formation of active sites for deep decomposition of methyl species. This water solvation 
attributes to the desorption of the produced oxygenate species from catalytic active sites into 
the bulk region, thus controlling methane overoxidation.  
O2 as oxidizing agent  
Oxidative coupling of methane usually occurs at high temperature range (700-11000C), 
in which methane and O2 react over a solid catalyst to form C2 hydrocarbons[174]. SrO/La2O3 
and Mn/Na2WO4/SiO2 are some of the well-known catalysts that readily activate methane in 
presence of O2, but the product formation is limited to ~25-30% of methane conversion with 
~75-80% of C2 selectivity[230]. A major challenge of using O2 at high temperature to activate 
methane is the formation of carbon on the catalytic active sites, which eventually leads to 
catalytic deactivation with existing challenge of regeneration[231].  
To address the overoxidation of methane to coke as final product formation, another 
direct approach is the partial oxidation of methane to oxygenates, mostly methanol, which is 
carried out at high pressure (30-60 bar) and moderate temperature (450-5000C) at non-catalytic 
conditions[232]. In this process, feeding the reactants at high pressure is crucial for achieving 
high product selectivity. To obtain the product selectivity at ambient pressure, supported Fe 
catalysts such as Fe/SiO2, Fe/ZSM-5, FeOx/SBA-15, FePO4 are well known for partial 
oxidation of methane[230]. Even though methane conversion is lower compared to OCM 
(~5%), methanol selectivity can reach up to 70%. Wang and Otsuka[233] suggested that the 
prime reason for this low methanol yield is simply because methanol cannot be produced at the 
high temperatures needed to activate methane, as methanol will be decomposed immediately 
and further oxidize to formaldehyde and COx. Catalysts thus play important role to lower the 
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activation barrier of methane by breaking down its first C-H bond and maintain the required 
condition for methanol production. Reaction conditions are also responsible for activation of 
molecules. In presence of catalysts, reaction condition, however, can be less aggressive and it 
can still activate molecules such as methane by reducing activation barriers.   
NO as oxidizing agent 
For moderate temperature reactions at ambient pressure, methanol and formaldehyde 
are reported to be highly selective in presence of catalysts such as supported molybdenum and 
vanadium oxides with NO as oxidative agent.  Methanol and formaldehyde combined yield of 
up to 16% has been reported by introducing 1 vol % NO in the feed at 6500C in presence of 
V2O5/SiO2. But this process requires extreme reaction conditions with fast catalytic 
deactivation[234]. Due to these reaction condition limitations, commercialization of direct 
methane conversion to oxygenates has been a challenging aspect of modern day chemical 
engineering.  
H2O2 as oxidizing agent 
Apart from O2 and NO, H2O2 is regarded as a common oxidizing agent for direct 
activation of methane. H2O2 is known to be the greenest oxidizing agent[235], with water as 
the only by-product of its oxidation. As it carries active oxygen component sitting next to 
molecular oxygen, it can work under ambient atmosphere and still shows high selectivity in 
various oxidative reactions. In presence of acidic catalysts like zeolites, H2O2 readily 
participates in partial oxidation of light alkanes, selective oxidation of alcohols and epoxidation 
of olefins[236]. Commercial use of H2O2 involves hydroxylation of phenol, propane to 
propylene oxide (HPPO process) as well as ammoxidation of cyclohexanone to 
cyclohexanonoxime [237].  
In presence of both homogeneous and heterogeneous catalysts, H2O2 acts as an 
oxidation agent for methane. Kao et al. used Pd(CH2COO)2 with H2O2 to oxidize methane to 
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methanol, while Rahim et al. used supported Pd-Au nanoparticles for better stabilization of 
active sites[238]. Eskendirov et al. used H2O2 as oxidation agent and Au/La2O3/CaO as catalyst 
for direct activation of methane to methanol and formaldehyde[230]. H2O2 was generated in 
situ from H2 and O2 by Park et al.[239] for selective oxidation of methane to methanol and its 
homologues. Nagiev et al.[240] also used a biomimetic catalyst known as PPFe3-AlSiMg for 
direct oxidation of methane to methanol by H2O2 . Another approach using homogeneous 
osmium chloride catalyst was used by Yang et al. to oxidize both methane and ethane with 
H2O2 to produce oxygenates like alcohols and aldehydes[241]. When pressure was introduced 
in the system, direct conversion of methane to formic acid was observed with 70% product 
selectivity at 30 bar and 600C, with H2O2. Use of H2O2 as an oxidizer has been industrially 
used by UOP to produce methanol from methane, which involves metallic catalysts and a 
CF3COOH/CH3COOH solvent. It was George Olah [125, 242] who improved production of 
DME, formaldehyde and methanol directly from methane in presence of multiple oxidizing 
agents like air, O2 and H2O2 over silica and alumina supported metal oxides, with a combine d 
product yield of ~20%. Since then, H2O2 was used as oxidant in different reaction systems to 
produce oxygenates involving metal (Mo, W, V, Cu, Cr, Zn, Ga, Re) promoted zeolites from 
direct activation of methane[243, 244].  
CO2 as oxidizing agent 
A less studied approach for methane oxidation involves the use of CO2, which is also a 
major natural gas component like methane. CO2 is mostly used as a methane oxidizer to 
produce syngas- a well-known precursor gas for various oxygenates like methanol, 
formaldehyde, formic acids, acetic acid, ethylene glycol, methylamine etc[24].  
Recent research has been focused on simultaneous activation of both these abundant natural 
resources at moderate conditions and remove the intermediate steps that produces syn gas. By 
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removing this step, the process can be made energy efficient and further commercialized to 
produce target oxygenates using heterogeneous catalytic systems[27].   
Activating methane with CO2: thermodynamics 
As previously mentioned, activation of methane and CO2 require significant 
thermodynamic challenges due to their chemical inertness due to structural stability. CO2 
possesses the highest oxidized state of carbon and thus breaking it’s molecule require strong 
reducing agent as well as additional supply of physical energy such as heat or electricity.  On 
the other hand, methane has a strong tendency to remain unreactive if external forces are not 
involved in a reaction. Conversion of CO2 and methane molecules individually require lower 
activation energy compared to their simultaneous activation in a single reaction. However, as 
both of these gases co-exist in natural gas, activating these together has significant implications 
towards natural gas utilization. Following are the different reaction routes found in the 
literature that involve both methane and CO2 as reactants. 
Table 10.2. Enthalpy and Gibbs free energy changes of reactions with methane & CO2 
(calculated using HSC Chemistry©) 
Chemical equation Reaction 
enthalpy, 
ΔHr0 (kJ/mol) 
Gibbs free energy, 
ΔGr0 (kJ/mol) 
1. CH4(g)+CO2(g)         CH3COOH (g) -13.3 +58.1 
2. 2CH4(g)+CO2(g)      CH3COCH3(l)+ H2O(l) +217.1 +115.0 
3. CH4(g)+CO2(g)       2CO(g)+ 2H2(g) +247.5 +170.8 
4. 2CH4(g)+CO2(g)       C2H6(g)+CO(g)+H2O (l) +106.0 +88.0 
5.2CH4(g)+2CO2(g)        C2H4(g)+2CO(g)+2H2O(l) +284.1 +208.3 
The reaction enthalpy as well as Gibbs free energy in all these reactions indicate 
thermodynamically unfavorable conditions. These require external energy supply to selectively 
convert both CH4 and CO2 simultaneously towards value added hydrocarbons. Besides this 
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high energy requirement, such highly selective reaction routes also need effectively designed 
catalytic system to lower the activation energy barriers. 
A major reaction that is well-investigated to convert both these two reactants is dry 
reforming of methane (DRM) (eqn.3), where methane is converted to syn gas, a mixture of CO 
and H2 (1:1), which is very well known precursor for the production of oxygenates in the 
industrial sectors[180]. DRM involves coupling CO2 with methane and requires very high 
temperatures (700-10000C) to produce syn gas. This was thoroughly investigated by Fischer 
Tropsch as early as 1888 and widely used in Germany in 1940 as a method of producing liquid 
and gaseous hydrocarbon fuels from gas mixture during World War II. 
Oxidative coupling of methane is another approach to activate both methane and CO2 
to higher value hydrocarbons, typically referring to ethane and ethylene (eqn. 4 & 5). Here, 
CO2 is used as a soft oxidant in which CO2 helps to decrease the reaction free energy by 
converting itself to CO and providing oxygen radicals that can react with methane and help to 
break its C-H bonds. However, this requires temperatures as high as 9000C, as thermodynamics 
remains unfavorable. To overcome the activation energy barriers, catalysts are involved which 
provide their lattice oxygens to convert methane, and the reduced catalysts can be reoxidized 
from CO2 lattice oxygens to maintain their catalytic cycles[245].  A recent research using a 
heterogeneous catalytic approach suggested that this reaction route can produce hydrocarbons 
such as benzene and toluene as well[246], where SZSM-5 based solid acid catalysts are 
involved to help CO2 reduce alkane molecules to form aromatics.  
Another possible route to activate methane and CO2 together includes using site specific 
catalysts, which trigger the reaction at lower temperatures region and requires moderate to high 
pressure[247]. Eqn. 1 and 2 are similar reaction routes, where these two reactants couple and 
form oxygenate like acetic acid and acetone. Additional side reactions from this routes have 
been extensively studied which produce valuable chemicals like methanol[248] and vinyl 
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acetate[249]. Even though these reactions were found to be severely limited by 
thermodynamics at reaction conditions of practical interest, the involvement of reaction 
parameters and designed catalysts were found to be noteworthy. Here, we focus on reviewing 
the direct approaches reported in the literature that involve both methane and CO2 to activate 
at low temperatures to form valuable oxygenates and their possible extension towards heavier 
hydrocarbon formations at specific reaction conditions. 
Metals as candidate catalysts  
Based on the thermodynamics calculations, a list of metals is generated that meets the 
criteria for which these metals are found effective for temperatures as low as 3000C to 
thermodynamically favorable temperatures as high as 11000C, under atmospheric 
pressure[245]. Assuming that reduction of metal oxides by methane and oxidation of pure 
metals by CO2 are the accepted reaction mechanism for simultaneous activation of methane 
and CO2, three criteria are mentioned based on the available literature of using heterogeneous 
metal catalysts: (1) methane is able to reduce the metal oxide formation (2) CO2 is able to 
oxidize the active metal and (3) the metals are not forming stable metal carbides or oxycarbides 
during reactions.  
 




As observed from the Ven diagram (Figure 10.5), although many metals have shown 
standard activity to meet multiple criteria for this reaction system, only Sn, Zn, Fe, W, Ga, In, 
Mn and Cr have satisfied all three criteria and are regarded as eligible candidates to activate 
both methane and CO2 under dynamic conditions. Thermodynamic calculations suggest that 
even though Fe, W, Cr may form stable carbides at higher temperatures, CO2 is active enough 
to react with these metal carbides and reproduce the metal state, while being reduced to CO. In 
terms of reaction at low to medium temperature, Sn, In, Ga, Mn, Fe are regarded as promising 
candidates for the reduction of methane in presence of CO2 to produce oxygenates. 
Oxygenates from CO2 and methane  
One of the very few known reactions that involve conversion of both methane and CO2 
directly to oxygenates is CO2-oxidative coupling of methane to C2 hydrocarbons. One of the 
benefits of CO2-methane coupling is that in contrast to O2-methane coupling, which is 
exothermic by nature, CO2-OCM is endothermic[171]. For OCM using O2, ethane and 
ethylene, two potential products, react readily with O2 rather than methane, which makes the 
overall reaction difficult to control. This could be overcome with CO2-OCM, where CO2 
remains less reactive towards C2 products compared to O2 due to thermodynamic limitations. 
This process suppresses gas phase radical reactions as well as sequential oxidation of products 
on catalytic surface, which limits the occurrence of side reactions. CO is the only known side 
product of CO2-OCM reactions. This indicates that even though there is a high C=O bond 
energy barrier involved, high C2 selectivity is observed in CO2-OCM.  
Supported mixed metal oxides containing Na, Pd, La, Al, Pr, Tb, Mn, Sr, In, Ca, Ce 
have shown high C2 yield and stable activity for CO2-OCM[171]. One challenging aspect of 
CO2-OCM, however, is the requirement of very high reaction temperature (~700-8500C) to 
overcome the activation barrier of the inert methane and CO2 gas[180]. This involves higher 
possibility of carbon deposition and formation of hydrocarbon products which are stable only 
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at higher temperatures and aggressive reaction conditions. It requires low to moderate 
temperatures[230] to generate industrially valuable oxygenates such as methanol, 
formaldehyde[250], formic acid, acetic acid[243], vinyl acetate[249] directly from methane- 
so that these can form on the catalytic surface and easily get desorbed into the gaseous phase 
before decomposition occurs.    
Efforts to convert methane to oxygenates like methanol and formaldehyde has been 
made for the last few decades. In a study carried out by Shi et al.[251], partial oxidation of 
methane was initially carried out a moderate temperatures of 550-6000C with silica supported  
V2O5 catalysts in presence of air and steam. A series other studies[24] were followed by with 
different oxidizing agents such as H2O2, O2, S, NO etc to produce oxygenates such as methanol, 
formic acids, formaldehyde, and carboxylic acids. But a limited number of studies till date 
includes both methane and CO2 at moderate temperatures to make oxygenates with 
catalysis[249, 252-254]. In presence of liquid water, methane and CO2 were activated using 
unconventional activation such as dielectric barrier discharge plasma, where these highly stable 
molecules were activated to produce methanol and formaldehydes[229]. Methane and CO2 was 
activated in presence of acetic acid with membrane fuel cells to form oxygenates with NiO 
electrodes [250]. A biochemical approach has been studied in which methane was oxidized to 
methanol under mild conditions in presence of bio-catalysts such as methanotrophs and 
monooxygenase (MMO), and CO2 was reduced with NADH and FateDH, both reactions 
occurring at ambient temperatures[169].   
Computational studies carried out by Density Functional Theory (DFT) suggest that Au 
exchanged ZSM-5 catalysts are favorable candidates to produce acetic acid at temperatures 
below 3000C from methane and CO2[255].  
A combination of Pd/carbon and Pt/Al2O3 was used by Wilcox et al. to produce acetic 
acid from CO2 and methane confirmed with IR studies at around 4000C[254]. Spivey et al. 
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carried out the same reaction with inclusion of acetylene at similar reaction conditions using 
5% Pt/Al2O3 to produce vinyl acetate- a complex and very selective oxygenate with high 
industrial value as precursors[249].  
Using non-thermal plasma driven catalysis, Wang et al. produced a series of oxygenated 
(e.g. methanol, ethanol, acetic acid and formaldehyde) at room temperatures and atmospheric 
pressure in a one-step reaction from CO2 and methane, while avoiding the intermediate syn-
gas step, with a total of ~60% selectivity to oxygenates with supported noble metals (Pd, Pt, 
Rh) as catalysts[256]. Another plasma-assisted catalytic conversion of CO2 and methane at 
~60-650C to produce a series of oxygenates such as alcohols acetic acid, methanol, ethanol, 
DME etc[257].  
Starch enhanced conversion of CO2 and methane to acetic acid, methanol, ethanol, 
propanoic acid was also conducted with dielectric-barrier discharges, where selectivity relies 
upon the reactor design and faster separation of oxygenates upon production[258].  
In a recent study, Zhao et al. showed a direct C-C coupling of CO2 and the methyl group of 
methane through facile insertion of CO2 using Zn-doped ceria catalyst via DFT analysis (Figure 
10.6), where additional doping of Al, Ni, Ga, Cd and In in ceria confirmed the effectivity of 





Figure 10.6. C–C coupling of CO2 and the methyl group with Zn doped ceria via DFT 
analysis[252] 
These computational and experimental studies with both thermal and non-thermal 
reaction systems suggest that even though activation of thermodynamically stable methane and 
CO2 to oxygenates under low to moderate reaction conditions is challenging, the choice of 
reaction conditions, catalytic doping, reactor design, selection of active metal at the desired 
states, proximity of active sites along with reaction mechanism determines the oxygenate 
production and their stability at gaseous phases, which requires further studies and evaluation 
before commercialization of such reaction systems.   
Catalytic deactivation 
Although activation of methane and CO2 at low temperatures do not favor coke 
formation similar to higher temperature for methane conversion as suggested by 
thermodynamics, deactivation of supported metal catalysts is still considered a big challenge 
for long runs. Catalytic deactivation mechanisms that occur during methane oxidation with 




Sintering results from the exposure to moderate temperature reactions due to loss of 
active surface area of the catalyst via metal agglomeration[260]. This is considered to be a 
physical form of deactivation process. Sintering can occur via two routs- (a) Atomic migration 
(B) crystalline migration (Figure 10.7a)[261]. Deactivation due to sintering occurs when the 
catalyst spends a long period of time on stream throughout the reactions. This is a common 
deactivation process for catalysts in a fixed bed reactor.  
Poisoning is a well-known chemical deactivation process in which a reactant molecule 
is irreversibly chemisorbed onto the active sites of a catalyst. CO2-methane being a carbon-
dominating reactant stream, metal catalysts are exposed to carbon deposited on the active sites 
throughout the reaction, and a significant amount of these carbon contents are irreversible in 
nature and cover up the catalytic surface (figure 10.7b). If poisoning occurs, either a 
replacement of the catalyst or regeneration via chemical treatment is necessary before reusing 
the catalyst[259]. A major component of industrial grade stream of methane and CO2 is sulfur, 
which can make both the noble and non-noble metal catalyst lose their activity rapidly[85]. So 
sulfur compounds are required to be removes from the stream to avoid fast deactivation of 
catalysts.  
 
Figure 10.7. (a) Catalytic deactivation via sintering (physisorbed)  and (b) poisoning 
(chemisorbed) after long term exposure to methane activation reactions[261] 
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Fouling refers to catalytic deactivation due to physical blockage of active sites by 
solids. This process can be easily reversed and catalytic activity can be recovered by 
appropriate combustion process[262]. For low temperature methane oxidation with CO2, 
possibility of such deactivation is very small, since this deactivation mainly occurs at higher 
temperature reactions involving methane.  
Deactivation via mechanical straining can occur either by attrition or in presence of 
thermal stress[262]. Attrition is observed when the active particles collide with each other or 
onto the reactor sides and lose surface area. Thermal stress occurs while the temperature 
gradient throughout the particles is elevated. This can occur in catalytic interfaces such as 
support pores or catalyst coatings[259].  
10.4 Future Perspectives 
Experimental results suggest that the addition of a second metal to an active catalyst 
enhances the catalytic activity and product selectivity of methane oxidation reactions[247, 
263]. Bimetallic catalysts are site specific catalysts being widely investigated in modern 
days[247].  
The addition of a second active metal to a monometallic catalyst significantly changes 
it’s electronic and geometric configuration and well as the physico-chemical properties[264] 
(Figure 10.8). Metals reside in specific proximity to each other results in synergetic effect that 
is necessary for CO2 & methane activation reactions.  
For high temperatures reactions, activation barrier of both methane and CO2 can be 
overcome in exchange for loss of activity with little control over product selectivity due to 




Figure 10.8. Chemical patterns in bimetallic clusters: (1 and 2), completely alloyed (1) random, 
and (2) ordered. Different segregation motifs: (3) Janus; (4) Core/shell and (5) multi-shell[265] 
Depending on the metal dispersion and the metal-metal interaction, these cluster of active  
A bifunctional catalyst can not only lower the energy barrier of methane and CO2, but 
also can direct the reaction pathways by controlling the reaction intermediates for low to 
moderate temperature reactions. Literature[245] suggests that for direct activation of methane 
with an oxidation agent, a catalytic system is necessary to (1) oxidize methane towards methyl 
intermediates and (2) reduce the oxidation agent to release the molecular oxygen that can 
participate in the reaction.  
Here, activation of methane and CO2 at low temperature requires the presence of a 
catalyst that can exchange electrons to perform in both oxidation and reduction process. Nobel 
metals are reported to have such ability for different catalytic reactions. Metals like Pt, Pd, Au, 
Rh, Ir [266]have demonstrated stable activity for methane activation reactions such as 
alkylation[267], aromatization[10], partial oxidation[268], reforming[124] etc.  
Iridium and rhodium are strong candidates to participate in bimetallic catalysis due to 
their reported superior activity in low temperature methane activation. Weaver et al. 
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demonstrated that dissociation of methane can occur at temperatures as low as -1230C [269]. 
Recently, Flytzani-Stephanopoulos et al. reported that zeolite-supported cationic Rh single 
atoms can directly convert methane, oxygen, and carbon monoxide into acetic acid at 150°C 
[270].   
Au-Pd is another bimetallic that has been reported the selectively catalyze methane to 
methanol under mild conditions[271]. Interaction between Pd-Au and carbon as support 
reportedly activates methane at low temperatures[248], with functional groups on the catalytic 
surface affect the catalytic performance. Rh-Au bimetallic catalysts showed significant 
improvement in coke resistance due to the synergistic effect of both metals towards low 
temperature reforming of methane with CO2 as oxidizer[247]. This indicates that selectivity 
can be enhanced with high catalytic activity for oxygenates production from methane and CO2 
at comparable reaction conditions in presence of Rh-Au bimetallic combination with a stable 
support that promotes high metal dispersion.  
For CO2 reduction, a possible candidate catalyst can be Au nanoparticles. Au 
nanoparticles on a polycrystalline copper foil (Au/Cu) is recently reported to be favorable 
towards reducing CO2 and forming of oxygenates such as alcohols and aldehydes over other 
hydrocarbons. The bimetallic Au/Cu catalyst exhibits synergistic activity and selectivity 
superior to Au, Cu or their alloys[272].  
Another possible bimetallic catalyst to activate both methane and CO2 simultaneous ly 
at mild conditions is the TiO2 supported Ag-Au. Reñones et al. concluded in a very recent study 
that CO2 can be reduced in presence of Ag-Au if a reducing agent is involved into the 
reaction[273]. Methane is a well-known reducing agent reported in the literature[274], and so 
it can help reduce CO2 as well.  
A novel approach to activate methane and CO2 at low temperature for production of 
oxygenates involves the use of plasma technology. A study by Gelves et al. [229]reveals that 
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oxygenated compounds can be obtained from CO2 and methane using a non-conventiona l 
activation method with dielectric barrier discharge plasma in presence of liquid water. Another 
study that uses starch as an additive shows the direct activation of methane and CO2 to 
oxygenates such as formaldehyde, methanol, ethanol, acetic acids etc with a total selectivity of 
40%.[275] 
The advantage of using a plasma methane conversion system is that the reactions can 
be carried out at room temperatures, with significantly high methane conversion[229]. 
Activating the methane by breaking the first C-H bond is considered as the bottle neck of the 
reaction mechanism to selectively produce oxygenates instead of coke. 
This can be achieved by introducing CO2 as a co-reactant or dilution gas since CO2 can 
provide methane with extra carbon atoms supply[254]. A recent study by Wang et al.[256] 
involved using a combination of plasma chemistry and catalysis to enhance the oxygenate 
selectivity from direct activation of methane and CO2 at room temperature and atmospheric 
temperature (Figure 10.9). 
 
Figure 10.9. Plasma catalysis as a possible route to covert methane and CO2 to oxygenates[256]  
It was observed that selection of the metal electrode for plasma methane conversion is 
a vital parameter that is yet to be thoroughly investigated, as the high-voltage electrode that is 
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exposed directly into the plasma phase can significantly alter the product selectivity of 
oxygenates[257, 276]. 
Acetic acid is the leading product that is formed in the plasma method, but through 
variation of electronic discharge and inclusion of noble metal catalysts can trigger the 
production of series of targeted oxygenates like formaldehyde and methanol[256].  
10.5 Conclusion 
Although scientific achievements in terms of plasma technologies, DFT analysis of 
activation energy barrier, and site-specific bimetallic catalysts development are reported to be 
promising for direct activation of methane and CO2 to value-added oxygenates at low 
temperatures,  significant progress is required before such reaction systems can be considered 
for commercial practice.  
Methane and CO2 are two of the most dangerous greenhouse gases that are available in 
abundance in nature. The range of products generated from these gases can be further enhanced 
if a feasible reaction process can be designed using novel catalytic approaches and reactor 
systems. This will allow an efficient use of CO2 and methane at energy efficient reaction 
conditions. Strong research emphasis is required from the scientific community for inventing 










Chapter 11. Future Works 
Research is an ever learning, adaptive and evolving process. In this work, a thorough 
investigation on activation of natural gas derivatives using metal oxide catalysts was 
conducted. Still, additional studies can be considered before considering this catalytic process 
for industrial applicability. Below is a summary of such ideas that can be considered for future 
extension of this project. 
11.1 Continuation of Solid Acid Works 
In this work we explored some existing bifunctional catalysts that includes sulfated 
zirconia and hafnia as support for different active metals. In literature, there are numerous solid 
acid catalysts that are yet to be explored and could be assessed for feasibility:   
Supporting active metals on solid acids such as sulfated stannia, sulfated alumina, 
tungstated zirconia etc. One of the limitations for this work was the loss of active sulfate sites 
at elevated temperatures, since at high temperatures above 6500C, evaporation of SO42- 
occurred, which lowered down the production rate of aromatics. One way to address that is to 
use solid acids that do not contain sulfur sites, such as tungstated zirconia, tungstated hafnia 
etc. , that can withstand temperatures as high as 8000C. 
Activation of light alkanes at higher temperatures include higher possibility of coke 
formation. A comprehensive study on coke formation is required to understand the deactivation 
of these solid acids before they can be incorporated commercially. 
Le Chatelier’s principle states that increment of pressure for methane aromatization 
should result in improvement of the production rate for this reaction. Selectivity to benzene 
and higher aromatics also increases with increasing pressure. Addition of pressure in the 
reaction parameters should be a valid continuation of this study. 
A very important study for any catalytic process should include the possibility of 
regeneration of catalysts. This enables the catalytic process to be considered for industrial 
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applications, as catalytic processes without regeneration capability involve very high of 
maintenance costs. This is considered to be industrially challenging. CO2 as a side reactant has 
been reported to regenerate zeolite based Mo catalysts for alkane aromatization by removing 
carbon molecules from the catalyst bed via oxidation and reducing catalytic deactivation. So 
addition of CO2 in the reaction stream can be a good study to monitor the catalysts’ capability 
for regeneration.  
Stabilization of sulfate sites on SZ surface is a logical extension of this project. This 
will be dependent on catalyst synthesis techniques, calcination conditions and reaction 
pretreatment conditions.  
Introducing mesoporosity in the SZ/SH matrix can also incorporate additional active 
metal sites and improve catalytic activity. Using this as a support for Mo doping and subsequent 
evaluation in methane DHA will be very important study for commercial viability of this 
catalytic system.  
11.2 Indirect Activation of Methane with CO2 towards Oxygenates 
A thorough literature study was conducted on use of bimetallic catalysts for indirect 
transformation of methane to high value oxygenates in presence of CO2. But experimental 
works are yet to be performed to verify these catalysts’ activity and selectivity towards low 
temperature simultaneous activation of methane and CO2.  
A logical experimental design of this work will include an extensive thermodynamic 
analysis, controlled synthesis of selected bimetallic catalysts, performing reactions at 
thermodynamically considerable reaction conditions and monitoring the gaseous product 
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Appendix C: Supplemental Information for Chapter 3 
C.1 Thermodynamics 
One of the reasons why methane dehydroaromatization (MDHA) is profusely 
dependent on thermodynamics is because of the generation of coke in the reaction. Coke is the 
end product of this reaction system, which means all methane can get converted into is coke 
and H2 unless some kinetic limitations or involvement of catalysis divert the selectivity to value 
added products like aromatics. To understand thermodynamic calculations, HSC Chemistry 8.1 
commercial software is used. Figure 1 shows CH4 conversion values for MDHA reaction with 
and without the formation of coke. When coke formation is allowed, the equation used for the 
calculation is as followed: 
CH4 →  CxHy(x = 1 − 8)+ C10H8 + C14H10 +C(s) + H2 
When coke formation is not allowed, the following equation was used for calculation: 
CH4 → CxHy(x = 1− 8) + C10H8 +C14H10 + H2 
 
Figure C.13. Thermodynamic CH4 conversion for dehydroaromatization (1 bar) (a) with coke 
(b) without coke. (Calculated and generated using HSC Chemistry 8.1) 
An acceptable amount of methane conversion is observed from 200⁰C with coke to be 
allowed to form, whereas, if coke is not allowed to form, conversion initiates from 400⁰C. For 
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current study, the temperature is interest ranges from 600 – 700oC. At this region conversions 
without coke, range from (7% - 12%). With coke, they range from (60 - 80%). 
C.2 Additional characterizations 
XRD 
Sulfated hafnia has a clear and distinct XRD pattern that has been reported in the 
literature [47, 277]. Different phases of sulfated hafnia can be present based on the difference 
in calcination temperature. Since the present catalysts were prepared by calcining at 650 0C, 
primarily monoclinic (preferred orientation of 111) and some orthorhombic phases are 
expected to be present[277]. Figure 1 shows XRD spectra for fresh and spent 5% Mo doped on 
sulfated hafnia, since this was the most active catalyst under observation. SH catalyst sample 
clearly showed all the characteristic peaks primarily corresponding to the monoclinic phase 
and some small features at 30o were observed to be present, attributable to orthorhombic HfO2 
[278]. Doping of Mo (for both fresh and spent) did not show any Mo reference peak in the 
XRD spectra.  
 
Figure C.2. XRD data for the most active 5% Mo-SH catalyst, fresh and spent samples 
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This suggest that Mo is well dispersed in the sulfated hafnia and most likely in the 
amorphous form, although possibility of crystallinity on small scale cannot be neglected that 
can be confirmed using other techniques like HR-TEM and XANES. This also suggests that 
the expected MoOxCy and/or Mo2C are not visible by XRD for spent samples and even after 
the change in phase from MoO3 (fresh) to Mo2C (spent), the form stayed amorphous. No 
significant difference in the XRD indicates that the base structure of SH did not change during 
the reaction of DHA and was stable. Similar results have been reported by Oloye et al.[52]for 
5% Mo loaded on its analogue sulfated zirconia. 
H2- TPR 
To study the possible loss of sulfur during H2 pretreatment, H2-TPR was carried out on 
1% and 5% Mo loaded SH catalysts, using 10% H2/Ar stream. Mass spec signals corresponding 
to hydrogen sulfide with an m/z ratio of 34 were observed for the two different types of 
samples.  
 
Figure C.3. H2S evaluation of SH catalysts by H2-TRR (10K/min) 
For 1% Mo-SH catalyst, a sharp peak at around 550⁰C was observed, followed by a 2nd 
peak at around 580⁰C. According to the mass spec signal for H2S, this had the highest amount 
of sulfur, which was seen coming out of the sample during H2 treatment. 5% Mo-SH showed 
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comparatively weaker H2S signal, suggesting that the sulfur content was less in this sample, as 
observed from the area under the curves.  
For 5% Mo-SH, the first peak was observed at 500⁰C, followed by the 2nd one at around 
570⁰C, suggesting that sulfur might be less stable at higher temperature for 5% Mo-SH than 
1% Mo-SH. 
Pyridine-DRIFTS: data deconvolution 
After DRIFTS was run with Pyridine as adsorbent, the peak areas corresponding to the 
bands of Lewis acid sites[134] were deconvoluted and the areas under the curves were 
measured using OMNIC spectra image analysis software. This was done to understand the 
addition of Mo in SH, which believed to increase the Lewis acidity of the catalytic sample. 
This can be stated in a tabulated form. 
Table C.1. Peak area measurement of Lewis acid sites in sulfated hafnia samples 
 
Sample 
Area corresponding to the peaks representing Lewis acid sites[134] 
Lewis (1444 cm-1) Lewis+ Brønsted (1490 
cm-1) 
Lewis  (1610 cm-1) 
SH 1.158 4.293 1.505 
1% Mo-SH 1.217 4.621 1.653 
5% Mo-SH 1.918 5.165 2.253 
 
As found from the analysis, the addition of Mo actually increases the Lewis acidity of 
SH catalyst to an extent. This agrees with the literatures [59, 136] suggesting that Mo oxides 
are Lewis acidic in nature. 
C.3. Reaction data  
Mo-SH: product selectivity 
Mo-SH was tested for two different loadings of Mo, 1% and 5%. Primary products 




Figure C.4. Product distribution for Methane dehydroaromatization run for 1% Mo-SH catalyst 
(10 SCCM CH4, 1 g catalyst, 650⁰C) 
For 1% Mo-SH, Ethylene selectivity went up and remained stable for 1000 mins of 
reaction. Ethane and Propylene selectivity increased with time.  
 
Figure C.5. Product distribution for Methane dehydroaromatization run for 5% Mo-SH catalyst 
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Benzene and Toluene selectivity decreased with time, due to deactivation of the 
catalyst.  For 5% Mo-SH Ethylene selectivity increased with time and remained stable at ~54% 
after 600 mins of run.  
Ethane, Propylene and Propane selectivity initially dropped with time and remained 
stable afterwards. Benzene selectivity reached a maximum of 58% and decreased with time 
due to catalytic deactivation. 
Mo/HZSM-5: methane conversion & product selectivity 
5% Mo was loaded on HZSM-5 [Si/Al = 50:1] and the catalyst was synthesized by 
following a similar approach to preparing Mo-SH catalysts. Afterwards methane 
dehydroaromatization reaction was run with 500 mg of the prepared catalyst at reaction 
conditions similar to Mo-SH runs for the purpose of comparison. Products observed were 
ethylene, ethane, propylene, propane, and higher hydrocarbons like benzene and toluene.  
 
Figure C.6. Conversion and product selectivity data for Methane dehydroaromatization run for 
5% Mo-HZSM-5 catalyst (10 SCCM CH4, 500 mg catalyst, 650⁰C) 
Methane conversion decreased with time and became stable at ~4% after 500 mins of 
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Highest amount of selectivity was observed for ethane, which kept increasing with time, and 
was stable at around 80%.  
Ethylene and propylene selectivity increased initially, and then reached stability as the 
reaction went on. Benzene selectivity decreased after a slight increase in the initial period as 
well.  
C.4 Deactivation study 
ICP-OES Analysis (sulfur) 
We suggested two different deactivation mechanisms for sulfated hafnia catalysts: loss 
of sulfur and coke deposition. The coke deposition part is already discussed with the help of 
TPO analysis in the main text. The loss of sulfur was observed through H2-TPR as well as 
through ICP.  
Table C.2: Elemental composition for fresh and spent samples (sulfur content) 
Sample Sulfur content (wt %) 
Sulfated hafnia 2.88 
5% Mo-SH fresh 1.15 
5% Mo-SH spent 0.74 
ICP-OES analysis was carried out on sulfated hafnia along with the most active 5% 
Mo-SH catalyst- for both fresh and spent samples. Elemental analysis revealed that sulfur 
content was lost when Mo was loaded into sulfated of sulfur hafnia. Loss was also observed 
after analyzing the spent 5% Mo-SH sample (collected after a complete reaction). This can be 
attributed to the volatility of sulfur as SO42- at reaction temperature. 
194 
 
Additional TPO analysis   
Temperature programmed oxidation (TPO) profiles for 5% Mo-SH spent catalysts for 
various reaction parameter runs, i.e., different temperatures (Figure C.7) and different space 
velocities (Figure C.8) are also shown below. They provide similar conclusion in terms of 
catalytic activity as observed from the reaction runs.  
 
Figure C.7. TPO curves for spent catalyst samples ran at various temperatures (5% Mo-SH, 1 
atm, 0.6 Lgcat-1hr-1) 
 
 
Figure C.8. TPO profile for spent catalysts ran at different space velocities (5% Mo-SH, 1 atm, 























































Appendix D: Supplemental Information for Chapter 6 
D.1 Ethylene production data 
Ethylene production was similar for 650 and 700 deg C runs. But for 750 deg C run, 
ethylene production went up, possibly due to increased number of reduced W oxide sites at 
elevated temperature. Another possible explanation is at high temperature, sulfur sites vaporize 
from sulfated zirconia surface, which reduce the production of aromatics, leaving the dimers 
to produce mostly C2 hydrocarbons through dehydrogenation. 
 






































Appendix E: Supplemental Information for Chapter 8 
E.1 Conversion of ethane 
5% Mo-SH was tested for ethane activation at 550 and 6000C.  Primary products include 
ethylene, methane, propylene and benzene. Selectivity varied for different temperatures.  
Both for 5500C and 6000C, Ethylene selectivity increased with time and remained stable after 
initial induction period. Other primary products include methane, propylene and a little 
benzene, all initially increased with time and remained stable afterwards. Production of 
benzene was not stable for both the temperature runs. 
 
Figure E.1. Primary product selectivity for activation of ethane with 5% Mo/SH catalyst (20 




Figure E.2. Primary product selectivity for activation of ethane with 5% Mo/SH catalyst (20 
SCCM, 1000 ppm ethane/Ar, 500 mg catalyst, 6000C) 
E.2 Conversion of propane  
Propane activation was also tested for two different temperatures of 550 and 6000C. 
Primary product was propylene for both the runs, with 5500C run achieving higher propylene 
selectivity compared to 6000C run. Other primary products include small amount of ethylene, 











Figure E.3. Primary product selectivity for activation of propane with 5% Mo/SH catalyst (500 




Figure E.4. Primary product selectivity for activation of propane with 5% Mo/SH catalyst (500 
mg, 20 SCCM 10% Propane/Ar, 6000C) 
E.3 Additional Characterizations 
XRD 
Sulfated hafnia has a clear and distinct XRD pattern that has been reported in the 
literature [47]. Different phases of sulfated hafnia can be present based on the difference in 
calcination temperature. Since the present catalysts were prepared by calcining at 650 0C, 
primarily monoclinic (preferred orientation of 111) and some orthorhombic phases are 
expected to be present.  
Figure 1 shows XRD spectra for fresh and spent 5% Mo doped on sulfated hafnia, since 
this was the most active catalyst under observation. SH catalyst sample clearly showed all the 
characteristic peaks primarily corresponding to the monoclinic phase and some small features 
at 30o were observed to be present, attributable to orthorhombic HfO2. 
Doping of Mo (for both fresh and spent) did not show any Mo reference peak in the 
XRD spectra. This suggest that Mo is well dispersed in the sulfated hafnia and most likely in 
the amorphous form, although possibility of crystallinity on small scale cannot be neglected 
that can be confirmed using other techniques like HR-TEM and XANES. This also suggests 
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that the expected MoOxCy and/or Mo2C are not visible by XRD for spent samples and even 
after the change in phase from MoO3 (fresh) to Mo2C (spent), the form stayed amorphous. 
 
Figure E.5. XRD data for the most active 5% Mo-SH catalyst, fresh and spent samples 
No significant difference in the XRD indicates that the base structure of SH did not 
change during the reaction of DHA and was stable. Similar results have been reported by Oloye 
et al.[52]for 5% Mo loaded on its analogue sulfated zirconia. 
H2- TPR 
To study the possible loss of sulfur during H2 pretreatment, H2-TPR was carried out on 
two different 1% and 5% Mo loaded SH catalysts, using 10% H2/Ar stream. Mass spec signals 
corresponding to hydrogen sulfide with an m/z ratio of 34 were observed for the two different 





Figure E.6. H2S evaluation of SH catalysts by H2-TRR (10K/min) 
For 1% Mo-SH catalyst, a sharp peak at around 550⁰C was observed, followed by a 2nd 
peak at around 580⁰C. According to the mass spec signal for H2S, this had the highest amount 
of sulfur, which was seen coming out of the sample during H2 treatment. 5% Mo-SH showed 
comparatively weaker H2S signal, suggesting that the sulfur content was less in this sample, as 
observed from the area under the curves. For 5% Mo-SH, the first peak was observed at 500⁰C, 
followed by the 2nd one at around 570⁰C, suggesting that sulfur might be less stable at higher 
temperature for 5% Mo-SH than 1% Mo-SH. 
ICP-OES for sulfur loss 
We suggested two different deactivation mechanisms for sulfated hafnia catalysts: loss 
of sulfur and coke deposition. The coke deposition part is already discussed with the help of 
TPO analysis in the main text. The loss of sulfur was observed through H2-TPR as well as 
through ICP.  
ICP-OES analysis was carried out on sulfated hafnia along with the most active 5% 
Mo-SH catalyst- for both fresh and spent samples. Elemental analysis revealed that sulfur 
content was lost when Mo was loaded into sulfated of sulfur hafnia. Loss was also observed 
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after analyzing the spent 5% Mo-SH sample (collected after a complete reaction). This can be 
attributed to the volatility of sulfur as SO42- at reaction temperature. 
Table E.1: Elemental composition for fresh and spent samples (sulfur content) 
Sample Sulfur content (wt %) 
Sulfated hafnia 2.88 
5% Mo-SH fresh 1.15 






















Appendix F: Supplemental Information for Chapter 9 
F. 1 DRIFTS results 
FT-IR DRIFTS results for the three different silica supports are added here (Figure F.1-
F.3). For each support, the samples were tested up to 3000C and the stability of the existing 
acidic sites were observed. It is evident that as the temperature goes up from 250C to 3000C, 
the acid sites lose their stability. When Aluminum bromide is added to the support, the stability 
of the newly added acid sites from Aluminum bromide was firm even at temperature as high 
as 3000C (see chapter 9).  
 
















Figure F.3. DRIFTS spectra for Silica gel after treatment at various temperatures 
F.2. Deconvoluted MS peaks for prepared catalysts from NH3-TPD 
For the base MCM-41, almost no acidity was observed except for a very small peak 
around 140oC that corresponds to the weak acid sites (most likely due to hydroxyl groups).  For 
ABM4 catalyst, TCD peaks at around 155°C, 197°C could be observed upon deconvolution. 
The first peak observed corresponds to weak acid site: mainly hydroxyl groups and the peak at 
around 200oC can be attributed to moderate acid sites.  
For peak temperatures above 300°C, insignificant ammonia desorption could be 




Figure F.4. Deconvoluted MS peaks for ABM4 catalyst 
TPD for ammonia desorption for ABSB catalyst could be seen in Fig. F.4. Two peaks 
could be de-convoluted for this catalyst (Figure F.5). It is similar to TPD profile for ABM4, 
with the two peaks at 143 °C, and 195 °C.  
The peaks of ABSi catalyst at 144oC and 179oC correspond to weak-to-medium 
strength acid sites (Figure F.6). These could be attributed to weak surface hydroxyl groups. 
This is clearly in contrast with the results from DRIFTS experiment where moderately strong 




Figure F.5. Deconvoluted MS peaks for ABSB catalyst 
 




F.3 Isotherm linear plots for silica supports  
Figures F.7-F.9 show the adsorption desorption isotherm linear plots for silica supports. 
Not much change is observed in the linear plots for adsorption and desorption. A Hysteresis 
loop is observed at higher relative pressure (P/P0) both for Silica gel and MCM-15, whereas it 
was observed at halfway point for SBA-15 support. 
 
Figure F.7: Isotherm linear plot for Silica Gel 
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